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FORWARD

The purpose of this sluiy was to devsicy 4:.a en cele..ted medical sifects
for use zs j*vuts to an over-si. Nucloar Weepons Casualtics Frcygrem sponsored
by the Alr Porce lutelligence Center, Ths publicatlon =7 {his repcrt does not
constitute approval by the Air Force of tne 1indings or conclusions herein.

R it



SUMMARY

The purpose of this part of the report is to summarize the casualty duta
to be ured., 7Tae summary will be givsn by Chaptcs wnd Section of the report.

1. Chapter I, Section 1,

The data to be used for early ~asualties /- :» very high nsutron plus
gamaa dose are given inm Figure 1. This figuve gives th;avaraga mmbe;: of
perzonuel who are capable of performing duties in the first eight hours after
irradiation. PFor oxample, 50% of the persomnel can perforz. duties if tre
irradiation level was 7000 r. However, the sames 50% may :c* e included in
the "effective” class for all times during the firast eight hours. Thus, one
goup of 508 may bo effective at one time and some of the group may be re-
placed by others at a later time, One cannot ssy, thorefore, that the pffec-
tive grvoup will always consist (£ the same people.

2. Crapier I, Sectiom 2.

The >sriinent equation for calculatica of effective Jdose at time t urder
an {vredisatien rate  W(t) ~our ir given by 2.5 vith £ = 0.20 and .75 &
P« .o,

For partial body irradiation, he pertinent equation is 2.4 with £ = 0.41.

3, hapter I, Section 3.

It is ooncludsed here that the RBE of ¥ or x-rediations raiative i 250 kvp
exays is wity if ahsorbed dose is used as calculaied by Bq. 2.4, Section 2.
It 1s Surihss concluded that there ie insuffloient information to warrant
sgtting the REE of thermel or Tast neutrone at a value other thir: caity relse

tive (- x or ¥ rays.



4. Chapter Il, Gemeral Observaticns,

Thin Chapter containe scme Giscuanion of thc affects of clothing ani the
eifects of exposure to partial puless from large wiapons., Both of those sudb-
iects pertain mure to the "envircamental contrzet' than to this cuntract and,
concequentily, more ¢iscussion of theee phenomena will appear in the fimal
report on Contract AF33({500)-40717,

The pertinent data cn thermal bturn casualties are given in Table 8, which
treats depth of burn for a given oxposure; Tabdle 2.1 which gives ihe UUmo to
nypovolenic shock versus dxy+h of burn and area burnod; and Section 4 which

discupses clinicsl aspects of buwn injury, incapscitation time, burne to

-

criticul areas, repair times and prognosis.

5. Obipter III, Secticn 1, Part 1.

The critical translutionsl speed for injury is shown to be 20 ft/sec.

6. Chapier IIT, Section 1, Part 2.

1t is chown that 5 psi overpressure s:ouid be taken as the critical uver-
 Teasure for serious injury or deauth to persomvel in roome or buildings. 3 psi
is ghown to be ressonable for personnel in city streets,

7. Chapisr III, Section 1, Part 3,

Pigures 2, %, 4 ard 5 give the ~pseds obtained %7 nen and mieziles for the
rape of frce translation in the cpen.

8. Chapter I1I, Section 2.

The criiical avearpressure for direct tlast injury (i.e., injury from the
cnock wave alone with no translation) is showm to de 35 ped.

9, Chepter IV,
The only important clasz of combined injury 1 showm {o be thermal-~-nulim:
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radiatior injury.
Chapter.

The pertinent conclusions are glven at tha very end «{ the



I. CASUALTIES FROM NUCLEAR RADIATION

Section '. Farly Incapacitation from figh Doss: ¢ ¥-rays and Neutrons,

By fer tis most veaful data on carly incapacitation from ¥-rays ic con-
tainocd in Reforence 1. We rizh {0 develop here thu best interpretation of
the experimental data 80 as to predict the fraction of persormel that is
operaticnally effective after roceiving full~body doses of from 1C00 r to

30,000 r. The time period of interest will bhe the first eight hours after
recoipt of the dosage. In Section 2. of this Chapter, effects of lower acute
dosea and chronic doses will be discussed.

In the experiment of Reference 1, separale groups of four monkeys each
were trained to avoid an electrical shock by taking the proper antion. The
animal ia placed in a box which has a 100 watt lamp in the centsr, Vhen this
lamp lights and a buszgzer sounds, the animal must run from one end of the cage
to the other to avoid shock, If, however, a busger is sounded vithout lightins
the lamp, *he animal avoids shock by stavniing still, The authors of the re-
oust realized that the non-running reaction was a simpler process than the
running reaction; but, it seems to us, they did not realize the full import
of this difference, '

Thus, the ruming responsy at e signal of ligiit and bumser shows not
only that the animal is atill thinking but that he cam, or will, translste
his thoughts into action. The non-rumirg resction, on the ollier hend, oen in-
dicate one of two things: ‘

(a) That he properly interprets the signal-and takes the p-per action
(none).

(b) That the signal does not register or th-t he is iadifferssn’ %o it

USSR I TSI SPRENEERE RS S AL LS Ap T



i.e., that for scne reason he Joes 10t ,.apord to the signai at all,

The separate groups of four monkeys each were tested im tha two types of
reaction priorto radlation and a base line rat;owl os eﬁccouaea to failures wae
recorded, The several groups were than given 1000 =, 2500 », £°C) r, 10,000 r,
20,000 r and 30,000 r, respe *ivoly. They wers them retested after irradiaticn.
Aftor radiation, the scores of the separate groups were unifcrmly bhigher when
the non-running reaction was tested and quite sharply lower when the runring

reaction was tried. This indicated that two factors were involved:
i. A probability that the monkey could or would respond at all.
2. A probability that his response would be correct if e did respond.
To formulate this mathematically, let
17'2 = probability that the monkey will act in such a way as to avoid
shock when the non-running signal is given.
7T1 = probabilily that tle monkey will act so 2= to avoid shock when
the running signal is given,
PR = probability that the #ignal registers mentally and results in a
docision to ac*, i.,e,, the probability that the monkey will respond.

P

g = probability that if he decides to act he will act successfully so

as to avoid shock.

Row, 1!'1 and 1r2 are given dirsctly from the sxperiucntal data. FProm 11‘1
and ?7'2 we wish to calculuts PR and Ps in order to see if the puculia: bhshavior
after irraciation is due to loss of mentel funotion,

In order to get a successful triasl in ¢he case of n'l, the monkey must
both respond to the aignnl and act correctly. In other words,

(1) W, = By Py
In ordsar to get a succesaful trial -.u‘n tho or - 1|’,?, the monkey can eithuy
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respond to the signal and take the corrsct sction, or h; can b indifferent or
unable to respond. Methematically thie means,

(2) M, = Bpr B+ (1 - 7)

From the actual experimental data w.. are given ‘IT‘.L and 7?'2. Fron these we can
acaputs PB and PS‘ The resuits are shown in Table 1.

The same groups of monkeys hau taken the saas temls prior to irradiation.
In the pre-ivradiation tests, the groups nearly uniformly responded tu the
running signal more accurately then they 3id to the non~runnirg signsl). Thus,
the concept of response is not valid for the pre-irradiation case., Hence, w2
have listed P_.', the average of the running and non-rmmnning scores prior tc
irradiation, as an efficiency to compare with Ps. ?

In loocking at Table 1, nne should note that in two instances n‘l exceeds
77'2. ¥hen this happens we have listed PR as 1.00. The stochastic nature of
the dr ta can, of course, result in cases where PR erxceeds unity. However, ome
crnnot fail to note two most important points about Table i, These are:

{a) The accuracy of the monkey's dscision 12 he can or chooses to respond
is not impaired by radiatic .

(b) The concept of a response probability appears valid and the failure
to respond accoumts for the difference between pre~ and post-~irradiation
behavior, R

%o illustrate point (a) we list the average value of Pg for the four

tests and compare it with the average of Ps'. The result appears in Tallc 2.
In the cases E and P, there was only un2 post-irradiation test t» compare with
the four pre-irradiation {ests, i.e, nv monkeys responded after zers hours,
Table 2 indicates that radiation does not impair {ie mental acuity of the

. b e e e s W E e e e e Y S e
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Table 1

Pehavior of n_opkoz Radistion Groups _A{f-_e_z:_;‘grcdiatr

Tme of Teat
in Houra After
Izrediation
0
by
iy
8
0
I
l’
8
0
1
¢ 4
8
0
1
L
8
b 0
) 4 0
1
3 4
8
1
) 4 4
8

Ty

47
.75
.80
o5

.30
85
58
.75

33
.40
043
42

025
042
148
54

.20

(no response at all after zero hours)

19

\i0 response at all after sero hours)

o

.70
-99
15
o%

o5
5
83
.58

90
92
.88
95

1.00
L0
.90

l.m

<94

.96

2atln

b4 ? '

-2 g S
.69 .58 .81
.95 o719 .72
1.00 .80 o714
lm .86 .m
55 55 .79
lom |83 080
075 '77 ‘75
077 lgr -&')
4% 7 70
45 .89 .82
£5 .18 87
A7 .89 .87
25 1.00 .62
92 .81 T8
58 .83 ,TE
-S4 1.0 82
126 .'n l67
23 .83 .81
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.80
3R

— -
t A )
.
|

AT
'h\.-
»
A8
U
..
%
»
2
L]
*
€
- "
¢
,

N e e e e s




mrksy, The conclusion is that 1Y “e car =r will :vspond vo stimuli, his
Judgment ir selocting the correct course of acton is uninpuires,
Table 2

Toe Beutal TMoili'y of tue Boriey ofocs ead After
Irradiatior s _Heacizad 91?- ﬂs_

group Fg {ixtiation Pq' > radintion)
Iy .78 .19
B .18 <79
v 83 &2
D 91 15
4 Nl .13
r .83 .82

Although 1t is of philosophic interest that the mcrkey is unimreired
vantally, we are still faced with the fact that Le does nct respenl. Thus,
P2 cf Table 1 measures the capaldlity of the monkey after irradiation, Since
PR is relatively constant versus time over the reriod of O to 8 hcurs for
sach dose, we have plotted Py (wvemsge) versus dose in Figure 1, In the
absence cf any better imovledge to the cmtrery, this Plgure should be i=-
terureied as giving the percentage ur cifective perwonnel versus does in i
firet eight hour pericd. In using this Pigure, 1% ehould be carefully roted
that the same persounc. will not necessarily te in the effective group a*
sach time subsequent to i1rradiation, Thus, it was cbae-ved that although

say 80K of the monkeys axmosed to 2000 r wers effective at time ¢t < 8 after

1

irrediation, 80K would aguir De effective si soms 'ster ti.s 1.< @ after

2
{rradia.ion »:. that the particular monkeys iLvelved were not the seme »%
ths two different times, Ir other voris, som men exposed to & 1~4¢ D may

be nffective over one [eriud and oot at a subdeegrent period ard vice verma,
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Te summerize the monkey dsta, we can say:

1. 7% has beer sicvm conclusively that the sontal adility of the muakey
is not impaired by high doses of radistlon over the periovd O to 8 hours vast
irradiation., Rie ability or deairs to translate a thought into action is the
quantity vhich has been degraded. The ability or desire to act is measured

by the probability P_.

R
2, Pigure 1, therofore, shows a plot cf PR veraus radiation dose curirg
the sight hour post irradiation period. Thas sversge value cf P‘i ior the

variocus times after irradiati:n is plotied in eacn case, e.g., for a docr of
5000 r. the averages of the numbers .45, .45, .5% and .47, »8 shown in Tablc ..
is plotted as the ordinate at 50CC r.

3. une cannut say that the human ani the momnxey will hehave the sm.e.
I# v ad similer experiments on eay dogs, porpoises and other higher forms
of : -nal.an !'fe, and if these experiments all ylelded the same goneial re-
sult, on® would tt m have some confidence that the results wouid also be
applicarle t- man., Our only comclusion is tnat these are the only crta avail-

able and nence must be u..d vitn the rope that they aprly to6 man,




Sectlon 2. Acute and Chronic Effects of kadistidn

Dezmenont Intury and Repalrable Injury from Tonizing Radistica

In the diemaaion to fell. , the term "injury" is defined in tormws of

the reduction in acute LDSO causcd v a prior i~ » or prior d2ses of irradia-

tion, Trus, for example, an arimal porulation which has been subjected to a
total dosage D (roentgens) of ¥ -rays can be tested at time t after cessa-
tion of the irradiation. It the I‘DSO
that of an unirradiated pupulation sample, then A D is r:lvwred to a3 the

ie found to be lower by A D, froem

iajury at time t. Pert of the residuval injury AD disappears with tize and
is, thersfore, referred to as the reparable part, The rest of AL does not
dieappear with time an! tence represents an irreparable injury in the sense
+hat the mSO has baen rsrmarent:y lowered by the radiation dosage, This de-
finiticn <f injury has no correlation with blood count or other pathological
findings. It i1s a moasure solely «f the tvility of thc populatica to with-
stak further irradiation,

In Reference 2., it is shown that the irreperavle injury Dp and the re-

parsble injury Dh satisiy the differsntial equations

2’1 é—?ﬂ - ‘Z{
dt

2.2 %Ptﬂt(l“f)"ﬂbn

shere XY= ¥(t) is the ir~sdiation rate (in say rventgene/minuts) and ¢ is
the fraciion of the total dore which is irreparable. /g is, ¢ course, the

sxponential : spair constant for the reparsble ing .y

1




t
Now, tha ~£ ¥ (t) it must be clearly understood to be the total average

abaorbed dose in the animal. As we sha'l see irter, the domage «an be rather
sharply attenuated throughout the body of the ardmal so leng as tho average
dose is computed and then treated a: though this sverag: dose had laen sbsorned
miformly throughout the body .. the an‘mal.

Solving 2.1 and 2.2, one finds

+
Dp=f j 7(r)dT
et &
Dy= (1-F)ET | wlrre”TaT
o
The totu) sffoctive dose at any time t is now

t - t A
23 DD D= a(idTs(-f) € ’“f y(N e ar
e r % A
The expressior l)o is to be interprsted precisecly as follows:

GC.ven an anima) population which has been exposed to the radisticn doesge
¥ (t) for time t, the doms £,y us calculated frea 2.3, is exactly equivalent
ir mortality to the same iosc 1>e given instantaneously. It is assumed that the
mortality for a given be wouid de determined experimentally by stopping the
irradiation at time t and obeerving any further deaths which might occur in
the next thirty days. iIn other words. the effective dosy for chronic irredia-
tion as calculated from 2.3 is equivalent to an acute dose of the same magnitude
oc far as mortality is ooncerned. We have »> data to suppert Lais aquivalance
80 far as hoe¢ “be animals *foel® is concerned,

One notes that 2.7 is sxsily applie? to a fall-out fleld provided that the
ergy distriduticn of tha fail-out & 's is xnc'n well endugr tu compute the

abeorbea dome or provided ine rbrorbed dose is ox¥n espiricelly. IDnowledgs

12
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of absorbed Gowe would be necessary in any semi-ewpiricel thsozy, howsvsr,

The Justification of the empirical values oi f and & is amply covered
in Referemce 1, and will not se repeated nere., The best values from animsl

axperimeita turn out to be

for all apecies.
The irreparable ractor* is, however, the easier tc measure and hencs more
eﬂ

confidence should be placed iz it. could conceivably be as large as

0.903 but it appears that 0.75 is a better value.

Partial body irradiation experiments are of intsreat, not ~nly because
such exposures could occur in nuclear war, but also because they shed light
on the problam of non-unfform dosege dus to attenuation of the ¥ -ray field
in the body. 4 thecry ¢f partial body expusure which sesas to fit the observed
facts is the fellowing:

e primary dasege which causes r-distion deatn is damage to the hema-
toroietic system whicn consists of tre bone marrow, lyaphatic system and the
zylsen, If the spleen is given the rroper weight, say ¥ ~f the hematopoictic
system, then one mey say that s dose U 1o a fraction y of the sy=tem is equiva—
lsnt to a full-vody dose of D+y. The spleen sust be treated ssparately since
it is the only highly lccalized pxztion of the systea.

Appmdix A gives a remme of sose of the best experimentsl data on partial

* 8, Richasison at Rocheatsr nas recen-ly verified thie value of f for dorm
vhen the poriod between receipt of dose and meamurete:t of tie LD-50 wnn s
long as nine months to one year.

13




holdy irradiaticn, which we iave found to data. A brief discussion of the
experinents of Appendix A is in order tc 1lluetrate some of the difficultiee
encountered in partial-body irradia*icn experiments and in the unalysis of
thore experiments. Thers ie; . “wever, probebly an important cenclusiom in
this aven,

Exzeriment A-1 of Avpendix A give~ Jacobson's original work on the =2£8zct
of spleon shielding in mice. Tha LI~50 of the mice used in this eoxperiment
{CP-1) vwas siated to be 556 r. A3 noted in our final report of 1 March 1955,
the LD-50 of mice, if takem properly, is probably in the rorae 700 to SO0 r.
Lower valuas are usvally obtained ty experimenters due to failure to measure
beckscatter. Hence, depending on the conditions of backscatter, a value of
550 r is acceptable and comparison with the LD-50 of spleex shielded mice is
valid provided the cond!tions of backscatter are the asme for both controls
and spleen siiielded mice,

Fgure 2.1 glves a plot of doss vers.3 percent deaths for spleen shielded
CPF-1 wice. The LD-50 ncw turus ocut +o be 930 r, «n increase of a factor of
1.7 over the controls. This result is, without question, statistically sig-
nificant. Unfortunately, Jacobeon pexformed a sccond expariment which yields
sisnificantly different results {highsr effect of eplesn shielding), This
cecond crperiment is hard io explain., Some ccmments on it will be give: below,

Kow, prubably the best pertial-body irradiation experiment which we have
reviewed is that of Bond, et al, which is sumrarizsd as Experiment A-2 in
Appendix A. The experimsrt of Bend is good bocauss it was done vy carefully.
Tisoue ‘nes vas measured with cara and occattered dossye inte the shielded v~

gions of tho animal was measured., 7Thus, the dconr . 4~ all tassues and principel

14
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orgnns 1s imown,

I¢ is i...eresting tv attempt to explain the ré;nl’.a of the Jacobson and
Bcnd experiments on a simple hypothesis. Sincs the spleen appears +5 be ¢
vital factor in radiation recovwy, prevumably in recovery of the haesatopoie-
tic gystem, 1ot us assume that the spleen contributes a fractior £ to the
heeratopoietic syastem and that the rest of the body, bone marrow and perhaps
vther organs, contribute a factor 1-f, If I)a is the dggagg to the spleen ard
D_ is the desage to the rest of the body, let us assume that the equivaient

i
full=body dosage for the case D' ¥ 'DB ie

2.4 D, = D f + (1-2) Dy

ir rsa = DB = D, the full--+ndy irradiation came, then l)e = D,

Frem Jacobson's axperiment, when '.l)s = DB = D, the LD-50 1is 550 r. ¥hen

D, =0, tue LI-50 is 920 r, hence
930 (1-t) = 550
or f u ,41.
Roturning now to the Bond .xporiment, for the case where the rat was
abdoainally shielded, the dosages were
D, = 095 DA’ vhere DA. w Alx Dowe

DB. r57 D‘.

D, here is the average doss to other body tissves, Bond gives tha LD-50 of

3
the abdominally shielded rats as 1950 r, Hence, from Bq. 2.4 using £ = .42,
a3 dotermined by Jacobeon, one finds for D. with D‘ set equal to tha observed
LD~50.

D, = D, (.09 x .41 + ,57 x .59) = 740 .
For Bond's second case where the abdomen 1s irpdd. .t;'. and the rest of

i6
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tie body shielded, one has
b, = 1.03 D

A
DB = 52 DA'
In this case, the LD-50 turn: d cut t» be
LD=50 = 1025 r.
Thus 5, =D, (.59 x .52 + 1.03 x .41).
Yow, elnos l)A = 1025 r
I)‘3 = 750 r,

These results are inferssling since in each case the eguivalent full-tody
LD=-50 is about what Bond observes in his lshoratorv. FHe stutes that tho LI~
50 for these rats lies between 650 ani 750 r.

There are, of cource, many cauticns whick must be applied to the elova
snalsais. Pirat, there is some evidence that other organs, e,g.. the liver,
raise che LD-50 disprogorticaately to tleir fraction of body weight, whan
shielded. Secondly, Jecobsorn's later work differs from his earlier work,
coments on this will be given. Thirdly, the splenic function apvears tc
differ in the various species. We ﬁse ths word "appears® since 'tbere is cca~-
sldorable evidence that the opprarsnt differcnces in splenic tissue in the
various species dose not affect the apleen's role in néiauon recovery, Much
careful data stuly is xequired tc resolve this questioca.

It is now of interest to conmider Jacouson's later vazk {Zrperinent A-3).
Sore he finde that ‘7684 of a sample of 135 spieen shielded mice survived :u25 r
vinereas leas than 50% survived such a dose in the earlier experinant, The
uD-50 for spleen shielled mice in this experiment vas abdout 1100 r compered
to 930 r fcr the previous experiment, The two xocvlts are significantly

17



e bl it M. et S e 5 i o 3

differeat ﬁro;;l.t,l-ad that there is not a systematic dosage error {or & change in,
perhaps, unmeasured “ackscatter) batween the two c:periments, Referring to
Figure 2.2 which shows tha data plot four aplpon shielded mice in the e=~ond
experiment (A-3), we mee th-t tho s*andard deviaticn is only 10% of the LD-50
value, Table 1 of A-3, hows.er, shows that about 1% of unshielded mice ex-
posed io 1025 r survived. This could not nuppen with any reasonable proba-
bility if the LD-50 (unshielded)} were 550 r and the standard deviation were
10%. ience, ond suspect: an error in dosage in the second Jacobson experiment.

Experisent A-4 is one by Xaplan, at gl, in which it appears that whereas
strain A aice are effectively protected to 550 » ty spleen suielding, 057
black mice are apnreciably less protected. The date of Kaplan are, however,
internally inconsistent and, it is our present belief, that )ittle considersa-
tion should be given to this experiment.

£aplan explains his result in temms of the presence or lack of Lhaemato-
poistic activity in the spleen, However, Bacq, see Reference 3, points out
+=at spleen shimlded dcgs are protected as well as Jacobson's mice snd tx2t
dogé have no known splenic haematopoietic function.

Ve are not qualified from a biological or medical standpoint to discuss
splenic tissue and function, Howevor,# the splaﬁ avpears to hb on ths
blood forming finction in man and laboratory an.;,ﬁala ‘1f the bone marrow fails

to do so for pathological reasons, Thus, it secua that the Xajlan rosult is
probably due to experimental error.
Thus, the dosage relationship, Bq. 2.4 is recomasnded for

% I o2 quoting the giat of a conversation with Dr, Charles .fohanssen of
Copenhazen, Donmaric, He has been particularly interested in splenio

funoctiv-,
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uge in partial-btoldy exposure. In particular, if the dose for a mz in the open
is attem~ted from a value Do over the entrance -urface ¢ a velus D, ~Dat
the exit surface, then the equivalent full-body dose shculd be taken e

D, - D/2.

In conclusion, it should be noted that the various species rats, degs,
mice, etc. all yeact in the same ‘tay to irradiation so far as acute amd chronic
death ie concerned., For example, each species can tolerate a chronic dosage
of only 5 timee the acute LD-50 dosage (20% retained injury for alli sp<cies).
Thus, one concludes that the esults of this section can be reliadly appliad

to man provided that the human acute LD~50 im known or esli.sted with reason-

able accuracy.,



Section 3. The RBE cof Radiations

in assussing tho Relative Biological Effectivemess of vediaticna, it i
necessary to be extremely careful atcut dosage errors. Thus, a giver labora-
tory may make cuasistent mrasurements using 250 KVP x-rays or us'rg c°60'

¥ -rays; but the measurements for each ensrgy may be off by a consistent un-
known error, or the errors may fluctuaste due to changes of line voltage on the
U -ray tute. Sometimes the error comes from low energy backscaiter which is
noither recorded correctly by the instrucert ncr ireated correctly co to
attenuation in the animal. Sometimes exposures are monifored properly in
rhantom animals and the assumption is made that the »-ray ouvtput will nct
changs when the 1eal enimcls are introduced, wvhercas a sudden change in power
load in the city system may alter the tube voltage and output by a cizeable
factc>. There are, ~f course, other sources of error and it is genorally
real’zed by the best experimental people that correct dosage determinaticn is
difficult, tedious and time consuming.

It is not surprising, therefore, that the &éterﬁinaﬁbn of the REBE or
0060 ¥ -rays velative to z,0 VP x-rays sometimes leads to a factor greatur
than unity and, in cther laboratories at other times, a factor less than unity.
Moreover, from a physical standpoint, one can see no rsason why those two radia-
tions should have an REE difforent Ifrom wdity if the actual sverage absorbed
dos? is used in each n2as, provided, of course, that thoa atienuation of the
lower energy ray is not really excessive.

In Figures 3.1 to0 3.% we present duta %o show that the REF is, in fact,
unity for aq_orglu renging from 25C XVP x-ray to 2000 XVP x-ray =nd %0 A-tomd

¥'s. These data were very carefully taken.and the sample eiwe por data

21
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point vwan sxtremely large, One finds the following:

Table 3.1
Data on Greephcuss Kice
1D-50
Strein of Mouse Encvzy Source (roentgers)
Japtan A-Lomb ¥'s 760
Japien 250 KVP x-ray 740
1af, 2000 KVP x~-roy 7€5

The Japten mice are Pacific offsprings of the LAf, strain and ‘hence are
essentially the same strain.

Moreover, the following careful data were taken on dogs at Greenhousc.

Table 3,2
Data on Greenhouse Icxu
LD-50
Tyve of Dog Energy Source (roengggga)
Yongrel 1000 KVP x~-ray 250
Foxhounds 1CCO XVP & 2000 KVP x-ray 260
Poxhounds and Mongrels A-bomb X's 240

Thus, again,thoro is no evidence nf a change in REE with energy. T,ese Green-
house data are presented because of the care with which they were taken. U2
ou"1l refer to them later as inconsistencies apmear in further data to be
discussed,

The key point which we wish to discuss is the RBE of neutrons, thermal or
fast, relative to x or ¥Y-rediation. Before discussing the data, one should
note that there are important physical differences between neutron effects in
tissue and Y -ray effects. These differences ray be bdriefly summarized as
followss

(a) Fast neutrons reisase tissue dosage mainly by ionisats -~ from recoil
protons vhereas the resoil eleotron, a much lighter partiule, is reapoasi’le

g Ao i M eSS Uy T



for ¥-ray icsage. Thuo, the ionization dentity per cm is much higher for thc
proton than for the clectron.

{b) Neutrons which arc initially thormal or become thermalized in tisoue
are cantured by hydrogen, nitrogek and boron, The hydrogen capture leads to
a 2.2 MEV Y--ray created .. tismue which i3 quite likely to escape witk no
loss of en~rgy in small animals sd which i 7 -~5ely atsorbed in very large
animals, Capture in nitrogen leads .o emiasion of a 0,62 MEV proton 95.6% of
the time and to ¥ -radiation of averare energy about 6§ MEV £.4% of the tize.
Thue, the proton process is the dominant one. Further, the nitrogen is
changed to ¢*% and this chemical change leads to an unknuwz physical effect
which may or may not be of importance. Onc knows that such a change in a
nitrogen atom in DNA, for example, would be quite ggrioun 80 tar ag that one
molecule is concerned. Just how many prstein molecules would have to be
affected to cause a m_asurable physical effect is a matter for speculation.
Finally, the Blo(n, o )L17 reaction can occur but is of little importance due
to the luw boron content of - the body.

From the above, one ca~ see thrt, s priori, there is no reason to suspect
that the neutron REE zheuld be unity, althcugh tho intricate naturs of the
processes involved does not rule cut this possibility., Aside from conversion
of Nu' to c1 "'. the big differance siould anpear tc hinge on the cuestion as to
whether the high linear energy transfer of the proton makes a significant
difference.

Reforring to Reference 4, we find the following s\mnfy of daia on the

RIZ of thermal neutrons.
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Tablﬁ 303

RBE of Thermal Neutror.s

Biological Response RBE
Measured (Relative to 250 KVP z-ray)
30-day survival {mice 1,08
30-day survivel (rats 1.00
Splenic atrophy (mice 1.06
Thymic atrophy (mice) 1.06
Intestinal atrophy émta; 1.00
Testicular atrophy (mice 1.88
Body Weight loss (rats) 1.00
Nedlaa Survival Time (high dose - mice) 1.50
Ped9 uptake (rats) .38
Depression of mitotic activity (mice) 1.00
Leukeric "tekea" (mice) 1,10 - 1.%0
Shortening of mean life span (mice) .00

The asute effects data ars, of course, of the gx';éateét intéreat and, as one
can see, a choice of 1,00 for the RBE is irdicated, Whether ths results for
testicular atrophy, high dose survival time, l'asg uptake, snd leukemic *takes”
are slgnificant is opn to quection, Certainly the susceptibiiity of mice to
leukeria i8, in general, quite different from hman susceptidbiliity.

The discussion of dosage calculativa and measurement in this experiment
was thorough snd indicates that it vas done as well as one cmléd expect.

Refarence § lsode t0 g fast neutron REE of 1.7 relatdive 4o 250 XVP x-13F
when the bilological end point is life shortening. Thies is, however, not a de-
sirable end point to use since resilcs can bs altered by disease. NFurther, the
discussion of dooage measurement is inadequate.

To go with Reference 5, we have Reference 6 in which the HBE of bomd
neutzone relative to x-rays was found to dbe 2.6. Although we do not wish o
make undue qualificaticns, it should be remarked that field meas..ments of
neutr~n dose have histcrically been questionable wiilin at least a factor of

two,
27
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Refererca 7 gives meaourements of RBE of 250 XVP x-rays and fast neutron.

relative to 0o%° T-reys. The results are ac follows,

Table X.4
RER of x-7ays and ™t Feutrons Relati-e to Cc'~ J's
Evetgy Source A=
P ¥g 1.0
250 IVP x-raye 1.4
Past Feutrons 2.2

Hexs we can refer to the Greec-hcuse date and note that the RBE of x-rays
relative to 0060 is probaviy in error. In fact, resuits at Rochester on dog
give precisely the oppoaite result, i.e., an REZ of ¢.7. T:th results
probably indicate a consistent dosage error from scme such thing as uaseasurec
backscatter.

Reference 8 gives us apother value for the RBE of fast neutroax relative
to x~rmys for dogs. "hs dosag” measurements are carefully explained and
appear to be qudte adequate. The result turns out to ba 0.8, Purther, a gim:-
lar measuroment on doga by enother grou, (Ref. 9) yields a value of 0.9,

Thus, if we summgrise the reovits of RBE o1 fast nautrens from References
S throngh O, we have: !

Tadle 3.5

xmmary cf Neasur:wents nf REE ol Pus8 feutirons
Relstive to <20 XYP x.-Taye

bt
f

Riference
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The s 1a cme NLrther experimen’ xhich Zas scxwy bearing oz tre maiter.




Thus, in Reference 10, the RBE of o pa.‘iclas relative to x-rays wos measured.
One can, therefore, reason as follows: Tho RBE of fast ncutrora re)itive to
x-rays cou differ from unity only if the track ion:zation density ci the protor
relative to the electron makes a diffarence, However, the oK-»nrticle from tie
Blo(n,'x )LiT reaction should have a auch greater linear lonization density than
the proton and hence the effect, if present for the proton, should show up even
rore for the X-particle. In this particular experiment, 310 was injected into
mice and a rhther uniform distribution in tissue was obtained. Radiation vas
done with slow nmautrons. The biological end points taken were those of thymus

and spleen weight loss, with the result:
RBE relalive to

250 FVP x-ra
Spleen weight loss 1,06 - 1,11
Thymus weight loas .96 ~ 1,06

5, there is no indicatior that even with particles as heavy as the of-
particle that the lirzar energy transfer affects RBE.

Summarizing, we can say the following:

(a) fThere is no dspendence of RBE on energy for ¥ -rays or x~rays in
the range o. 250 KVP to bomt o 's.

(b) The RSE of theimal nevircns is very probably unity,

(¢) The "EE of fast neutrons has been found to raige from measured
values as high as 2,6 to measured values as 1ow as C.t3, The buik of the
measurements, however, are in the range 0.8 to 1.7. Thus. al+hough we cannot
say oconclusively that the RRE of fast neutrecs is 1,0, wve can certainly =y
that there is not sufficient evidence to warrant a choice other than 1.0 foxr

the RBE.
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THE ORIGINAL DOCUMEST WAS OF TOOR
QUALITY. BEST POSSIBLE REPRODUCZIOM
FROM COPY JURNISHED ASTIA. -

EXPERTMENT A-1
Reference:
The Effect of Spleen Protection on Mortality Following X-Irradistion,
Jacobaon, L.0., 3t al,
J. Lab, Clin, Med, 34: p., 1538 1249

Abstract:
The mice used in this study were all CP-1 femnlea and were 10 to 12

weeks of nge when the experiment was initiatsd. The r<2e were kept in the
animal farm in a constant *:mporature room (74°F) for four to six : eeks be-
fore use and were maintained on a diet consisting »f Derwood and water ad
1ibi tum befcre and after the experimental procedures described below.
Dosimetry - the X-rays administered in these experiments were generated
in 2 250 KV machine operating at 15 ma. A 0.25 mm Cu filter was used. The
HVL i+ copper of tre filtered beam using 240 XV was 1.0“m. The exposures

werce measured with a Victorsen condenser moter equipped with a 250 r chamber,

rzngurements were made in air at the position occupied by the center of tie
animals body. The dose rate averaged 58.9 r/min at 55 cm.

Groups of mice were exposed to single doses of 600, 700, 900, 975, 1050
and 1200 r total-body x-radintion w'th or without 1::4 protection of the
surglically mobilized spleens.

Four groups -of mice were studied.. Tho nioe"in Gmup I weo untreated
controls. The mice in Group II received no irradiation but had their splecns
surgically mobilized. Group IIT mice had their spleens surgicallw mobilised
and during irradietion. which required from 9 io 22 minutss, depending o»
the dose glven, their splesns were placed invpan"ﬁ.n boxes that offered no

A=l
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apprecisble shielding. The spleens of Group IV mice were placed in lead boxee
with valle of 1/4 inch thickness #hat ufforded fFusentially complete shielding
of the spleen from irradiation. After completion c” thess procedures, +he
spleens of all gi-oups wore :etvrnsd to the abdominzl cavity and tas incision

sutured with silk, Complete recovery from the anesthetic required from 2 to

3 hours, The mice ware returned to the animal farym, and deaths were recorded
iné4hcurperiodcthrou@128daya.
' R’as.ﬁlts are shown in Tabtls 1,
The LD=50 for mice exposed to total-=body x-radiation exclusive of tue
surgicelly mobilized lead-protected spleen is neudiy twice as great as the
LD=5C for mice exposed to total~body x-radiation inclusive of the spleen.

Table 1

Survival of Mice Following Single Total-Body X-Irrsadiztion
with aad Without Lead Protection of the Spleen

Dosage Spleen Totel No. No. of %
Group Shielded of Mice Survivors  Survivors
I 600 yes 63 54 85.7
112 600 ne 75 30 40
v 700 yoB 27 26 96.3
p4-94 cC 1no il 0 0
Iv 900 yes 60 41 68,%
II1 900 no 44 3 6.8
v 975 yos 3 kv 3.4
I 975 no 12 c (¢]
Iv 1050 Yos 23 7 30.4
11 1050 no 11 0 0
Iv 1200 yes 19 (o] 9]
I 0  operation 64 64 160

only
I o] no 54 52 96
operatica
A=2
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EXPERIMENT A-2

Jeferences
Sensitivity of Abdomen of Rat to X-Irradiatica. Bond, V.P., Allen, A.C., Swifs,
K.3. acd Fishler, N.C,
An. J. Prysiol., Vol. 161: p. 323 May 1950
Abstracts

Approximately 200 male rats breu in the USNRDL Laboratory from the Sprague-
Dawley strain and weighing 250 - 300 gm. were used.

The rets to be irradiated were divided into 10 groupe. Five of these groups
were exposed with the abdomen shielded to 1600, 1800, 190C, 2000 and 2200 r,
reopeétivelj; ‘an2 vﬁv;s with only the abdomen exposed were given 700, 900, 1000,
1100 and 1300 r. A Picker industrial X-ray machine was used, The radiation factors
were: 250 KVP; 15 ma; filter, 0.6 mm Cu; HVL, 1.3 mm Cu; Target to akin distance,
20 inches; doss rate - 47 r/min measured in air using c Victoreen 100 r thimble
chamber. Results are given in Table 1. Analysis of the mortality data indi-
cates ax Li~50 of approximately 1950 r in air for rats with the abdomen sl:_i.elded,
and 1025 r for those recel ng onl: abdominal exposure. The LD-50 for totale
tody x-irradiation 15 betwsen 530 and 750 1 for rats in this lsboratery. The
average survival times for the animals at each of seve:al dose levels varied
from 9,2 to 11.7 days ard froam 4.6 to 7.) duys in ths 2 groups, ~espectively,
showing no correlatica with doaggo in either case. No deaths occwrred among
control rats.

In Table 7, the rats ware to be chielded elither over the abdomen, or over
the rezaindur of the Body exoluding the sbdomen, during exposmnw, In order to
quantiiece and equate as precisely av possidle the amount of rediatioc: recelved

A-3
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. Table 1
Mortality of Rats After Partial-Bodv Y-Irradiation

X-Ray Dose No of Rats Hortality - 28 dya Av Time of Death

r Brposed % days
sbod~men Shieldec
2200 9 bt 10.1
2000 15 7 9.2
1900 19 37 10.9
1800 20 30 11,7
1600 20 5 10.0
| Abdomen Only Irvedisted

1300 15 (p] 5.6
1100 17 59 Tel
1000 20 55 4.8
900 20 25 4.6
T00 20 0 —

at any given dose level under these two conditions, it wac necessary to obtain
weight and organ distribution data and dosimetry measuremunts, To obtain the
former, 4 rats were killed with chlorcform and fastened in a supine poaition
on boards in the same feshicn as the rats to be irradiated. The rats were
frogen with dry ice and were then sawed into transverse sections, one centi-
meter thick, 'n;aae. identified by number, were weighed and the presence or
aboence of parts of uajor organs in each section was debom.nod.. Corresponding
eoction weights. expressed as a percont of total body weight, and the locatiom
of organs were found 1o he quits wniform among the fcur animals studied.

Dose rates measured vith a Victoreen thizble chmmdbes in he center of the
'head', 'thovax', ‘abdomen', and 'pelvic region’ of & pevaffin phantom saaped
like a rat showed that the complex contour of the rat did not producs signifi-

cant differences in tliesue dogo. These data axo in good ecxrcement with oomparedle

asasurements made on A dead rat, A series of doss-rate determinations wud medr
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7; at 3 vertical levels in a paraffin phantom throughcut the lengtii of the 'rat’
ueing both fypes of shivlds,

It was found that if a transverse section were trisected into parts corres-
ponding to the tizaua vorticis intc which the Virtoreen metar was riaced, the
sun of the gremerventgens delivered to the 3 parts was essentially the same as
the product of the middle readiung and the tcial weight of tha section, Since
this was 89, the simpler calculation wus employed. By using the latter readinz-
and the average body weight distribution valucc cilaaned frow the fr.cen mater-
ial, it was possiblc to devise and place shields of such a size that the total
dose in gram-rventgena received for a given dose mesmued iy =ir would be
approximately the seme with either type of shielding. In addition, the legree
of protection affordsd the varicus orgens could be estimated,

Tue shields were cut and moulded from lead sheets, 3.2 mm thick, either t:
cover nr expose an abdominal area the width of the rat ard 7 cr in lergtn. The
abdcminal shields were calculated to cover body section & through 12 (xiphoid

to symphysis) and the reverse shields, sactiine 1-5 and 1%-15,

|




Taole 2

Damiribution and Quentitation ot 7-%ay Donage in
the Rat with Parfia;-Bod.,' Shielding

L Loutmn of Orpne 1| \'leiem of Se\.tlon ] N L-Ray Dozags
o AoTorsn [ Xbdomeéns hmly
i Shie)ded Irradiatsd

Per Cent "] Y
Redy :

Yeight

,!;.‘g.a
3 3
d

Bead and extendsd poriion 12,0
of fore lage 8.4 ~ 14.9)+

(4.8 - 5.8)
5.6

(4.9 - 6.0)
7.3

(6.7 = 7.9)

\0 7 - :‘8,
6.4

(5.8 - £.0)
5.5

(5.1 - 6.2)

{s.c - 6 0)
A,
(5.5 - c 4)
4,4
! (4.0 - 4,3)
< [2"‘11 and ex.ended 7.8
(Postion of hnd legw B (6.5 ~ 9,2}

L 99,10%

£ Range . veiues
% Avarege of C.9 sor cent of dndy walght lost in cutting secii~ns,
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FXFERIMENT A-7
Reference:
Purthar Stwline on Recovery Prom Radiatiorn Injury. Jacobson, L.0,, et al.
J, ekl Ciin, Md,, Vol, 37: p, 687 1951
Abstrxact:

It hus bewr veported by Jo-chaoa, ot al, -2t the W-5" of whole-body x-
irradiadon for intact young adult mi-e i3 around %)) r, and that only rarely
will & mouge survive a dusec above XC r, whereas A% aurvive a dose of 1025 r
if the spieen is wcbilized surgically and lead shic!ded guring the sxposure,
(3ve Experiment A~l). These reported moriaiity lata repro-s.t the early ex=
rerience witn this tecrmijue; ihe muse :dueil date are yhown in Table 1. These
Latter data inlicate that wiin added experience with this technique fewer ani-
pals succusb and around 77,7% of mice exposed to 1075 r (with spleen shielding)
survive.

The techniques for irradiating the mice for t.ese experiments are the
sams ag tiose given in Experipent A-1, e:c2pt that the dose rate in this group
Cf vxperimente averagel 7C r per adnute at 55 centimeters as opposed to SR,9 v
per mirute us previcusly descrited. The aniaals used were all (M1 female aic-.

ddditional experiments were narforsed in which verious tissues or orsans
woro les. shiclded, The techrique: «are the same as thos: mationed adove and

' in Dxveriamt A-1. The rasuits of these experiments are #Hiver .n Tab'e 2, -



With Lead

Shielding
of Spleen

yeos
no
gon
no
yes
no
5es
yes
no
yes
Do

Teble 1

Survisel of Mice Exposed %o Vari.,us Dosages of
X¥-Rediation with and Withaoui Shielding of Sur-

gically Exteriorized Spleen

Dosnge No. of

inr Mice Survivors
1025 135 1C5
1025 203 3
1100 4e 2
1100 12 0
1200 35 5
1200 & 0
130C T4 2
1300 26% T
1300 22 ¢
160 45 0
1600 —_— -~

No, of 2B-day S\u';l val

e
<3 =3

—
] OO?NO?C);»Hj
Lo~ A% ]

# Technijue differed in that emall artery at distal tip of spleen was not
ssvered and thus no infarct occurred in spleen.

¥o. of
Arimele

135
93
1%
15
15
15
18
12
15
19

Table 2

Survival of Mice Pxposed ‘o 1025 r X-Radiation

With Lead Shielding «f Various Tissues

Nc. of 28-dsy
Tissue Lead Shielded Survivors
Bxceriorized Spleen (0. gn) 105
Nouse 2
Exteriorised lodsof idve- 2.8 gm) 5
Hooe e
Rrtericriced Intestine (2.5 am) 4
Fone 2
I'sed {%.0 g=) 5
Kone ¢
Right Bind Lisbd ;mu thigh) (1,5 gn) 2
Bight Bind Poot /C.1 gm) 1
Brteriorised Zight Kidney (C.19 gr)

Rons

A=

T

Survival

1.7

bt [T ST |
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EFXPERIMENT A=-4
Reference:
Genetic Modification of Respomse t2 Spleen Shieldirg in Trradiatad Nice,
Kaplan, H,S. and Paull, J.
Proc. 8oc, Brp. Biol. Med., Vol. 79: n, 670 1952
Abstract:

Mice of strains A {Jtrong) and C_,, black, of both sexes, were divided

51
equally with iespsct to age (range 32 - 69 days) among three groups, One was
kept intact and received a single whole-body dose of S50 r. TFhysical fcziors
were 120 KVP, Y ma, U.2> ms Cu plus 1.0 mm Al 72y filter, 0 o mouse-target
distanca, 32 r/oin., The spleens of the other two groups were extsriorized and
vlaced respectively in lead or paraffin shields diring irradiation to the sama
dose.

‘ooulta are summarized in Teble 1. The earliest deatls amcng shan-
shielded A mice occurred on the fourth day, vhereas death nmong the intact
'~vainted oontrols wers not observod until the 12th day, "rom this poin? om,
hewever, cumulative curves cf thees two groups wers mmillel and final zor-
i1 Was SIN0ST identical, A Similar premature onset of death, without a

=s2ter final incidence, occurred ir shax-ghielded "_" blazk mice.

A-9




Iable 3

Bffsct of Spleen-Shielding on Radistion Nortality
in Two Streios of Kico

Troatueat 37-41%
Group days 4231 52-61  62<T1 Totul

]
Spleen Shielded 0/7 of21 0/ o/4 0/¢2 o .
Shea 6/7 1922 S/ 34 32/43 4% 5‘:‘“"
Intact 6/8 15/19 /11 3/ 34/45 7e%
Splecn Snielded 4/7 2/11 2/17 8/35 2% } Smtrain
Shen 6/6 11/16 5/\B  2/81  sa% P .
Intact 8/8 14/19 3/16 %/as 5% | Bldck

* Age 2t H=s of exposure to alngle dome of 550 r
! Wypressed as: no, dying/n0. irradiated,
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I1. THEPMAL INJURY

Secticn 1. Thermal Injury to Bare Skin
The purpose of thik chapter is to discuss thc physical and mathematical

aspects of hun injuries from nuclesr weapons. FiTst we shoull like to re~
viev earlicr theoretical wo.'» on the problem and comment on the implica<ions
of this weri.

Hénriqu.eamiln) proposed that tbermal injury to tissue could be exnlained
in terms of a chamical rate prccess in which tha protein molecules are de-
graded under elevated temperstures. The numbar of molecules degraded per umi:i
time at & given temperature tuxms out to be a very critica) function of the
teuperature itself in the range of times asso:iaied with birdb pulses. Henrigues'
theory fits the data reasonably well when the exposurs time exceeds 30 seconds.
Por shorier exposure times, his theory must be rerlaced bv a critical tempera-~
ture criisrion. Tn any event, the correlation of data which we made indicates
that ‘ne concept of a critical temperature for tissue destruction iy a reasonabdbls
working hypothesis in the range of bomb vulae times,

Now, as far as the physScal and mathematicel side of the problem is con-
cerned, the heating of the skin by thermal flux can hardly be more complicatsd
than a simpi~ problem ia heat conduction except for two qualifications:

1. The skin is somewhat ¢rannalcent to radisiiu; Zxom the bomb pulse.

2. If the tempsrature o7 the skin is raised to the boiling point of water,
an important change in the calculation ocours.

There have Leer a number of theoretiocal discussicns of conduction of heat
in the sitn, e.g. (2), (3), {4). Ve have not, however, seen a ti-~vetical dim
ouseion in vhich: & raasciiable mathematical approximation ¢> the bomd puioc uas
beea used in such-a viy as to got & closed mathersical resilt, Further, there
seems 1> havu been no matheaatioal discussion ar all »u the effect o7 the deiling

point on o%i4 injury. Vorkers at Racheoter (L) hava nbserved that if the total
52



tivermal energy 0,0 i3 huld corstant and ‘he pulse tims decreased, the depth of
dermal injury goes through a maximux. ‘Phey r!ghtlj conciude that t1e occurence
of this uaxirum mus’ be comnected with the “.oiling point of the tiwsue water.
This is 80, of course, because the high value of the latent hesi of vaporisation
of water dominates the procsss of lsat trunsfer into the tissues when the
boiling puint is reached,

With the foregoing remaxics in mind, we wish to formulate the probles of
tissue (or dermel) injury taking into account these factors:

1. A realistic approximation to the bomdb pulse,

2+ A critical temperature for irreversible dermsl inju.v,

3. A treatment of the prodlem when the hn:ling point of vater is reached.

Wo shall ignors the fact that the skin is somovhat translucent to wave
lengthe in the bomb pulse and shall assign to the akin an effective enfssivity
€ . Ve shall also need values for the thermal conductivity of the skin k, the
hoat .apacity c and the deanzity P These constants will be taken for the most
part from scme excellent work (2) by Dr. Thomes P, Davis,

In order to correlate the theory to be presented with experimental d:-ta
we 8hall also need theoretical calculations using a square thermal pulse, as
much of the experimental work his been done using square pulses; In this con-
nection we shall showv that a bomb ynlse of peak irtemsity I. is roughly equivalent
to a square yulse of much lower intensity and rather long duration,

fheoreiical Conaiderations
ot . .- . £ = effective smissivity of the skin
R = redtant tntensity (cat/cn’sec)
k w thermal oonductivity of the oxin (cal/oz°C wec)
2 = density of sxin (/)

>3
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2 = heat capacity of the aiin (cal/grc)

L Wk
The firn\'. Freblem to bo solved is the simple prublem of heat conduction into
the eicin vnder a heat input of €dQ/dt. This type of probles ums been dic-
cuued:l.noolmphcuth.‘i'sdoosnotuummtorcputﬂuderlva-’
ticn of the general solution here. We are coisidering the case, «f course,
where the ekin is at initial temperature T, at time t = O (about 33°¢ to 35°¢)
and the skin surface ie at x = O wvith x > O denoting poinis inside the skin.
By ?(xz,t) we shall denote the excess of the temperature over the initial tem-
perature !1. The solution to the problem may be written as : lLaFlace transform.

Thus,
Thive é
I{) -‘E x+8
(1) Tt 7 751"[ 1) ¢ ds
r-ie
where I(s) is the transform of 4Q/dt in the t-plane, i.e.,
o
(2) I(s) [ 9 ¢ e

The mmerical treatment of the prodblem is easy or difficult depending en whether
the direct transfors (2) ard the ir-erse transform (1) can be evaluated ir
closed form,
Jor the problem of the bomd ulse, we have noted #:mt functions of the form
4Q/dt = constant + £V2 €T/t
are convenisat analyticaily and that, in particullr. the functi=

(3) 4, @, , 1 B
‘ df 7

gives an adequate approximation to the bomb vulse, Vs associste X with the tiue
at which dQ/dt reaches a sarimam end find

(4) K‘-m‘m



vhere tm ia the time at which dQ/dt reaches the maximum.

1t {(3) .s used for 4Q/dt in (2) ard (1), the temperatuce diatribution tur.s

out to be
- fread)” )
(5) T(xt)= e‘. e !—i—"‘) !] e q

The maximum temperature at any depth i occurs at time
K+ax s ., x . ax
(6) f'Z’ o [’/)K - (K )]
In particular, *he maxima \emperature at x = 0, the skin surface occurs whern

(7) tyr o, (/27 -1)

¥e are interested in this lnst value of time since toiling ocouss at x = o fizee,

F¥ov, for the snare wave pulse where

gﬁ-gg ¢ 2t
at t, ° °

and ‘' Q/dt = 0, t > t s the molution for M(x, t) turns out to be

1,1
e
) -, €4Q , 4t ax
(&) /(x,t)'zx!‘- {2,/;::_ -ax uo(c (th )}
Lo et
vhere Cxl"céu)-/-;?jré g and ost‘t.

]
Yor the sqare wave, tne sol.ution changos alier o = ;o giuve tw rediaul ii-

tensity stops abruptly at that poirt. ¥e can nots st this pount that the solu-

tion fur t > t is 2,2

-
T(,Q)I—L{Z/-F ax&fc(:,: v}

(3)
A..c {z/‘ £, e &F»"nl&{C(l
Talues of the Skin Cmm‘.a
T™e thermal conductivity of wa'sr at the texpe:stures in question I, abcu:
1.65 2 104 cal/ce sec °C. Since the skin iv .. 1% vater and since the

thersl ¢ Mucluivity of wu.e fidrous tima.es wust - rether low, ~n. ocould
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estimate the conductivity of tha skin at 0.65 x 1,65 x 107 widch 13 approximately
107 cal/cm sac °C. This is the value which Dsvie has measured. Thus, one can
be fairly confident of this mumbsr., Murther, Davis measures oc %o be 1.12
cai/ce” °C and thio valus is reaso. ible. Por the effestive ewiseivity, a value

cf €= 0.4 is reasonable. (ne would expect an € of about 0.9 if the skin
vere opaque, The lower value aprarently is caused by back scatter of radiation
from small Jepths near ths suxface,

Before proceeding with the alteraiiun ‘of the theory when the dciiing point
is reached, ve wish to indic>te how the theory darived mo far will ba applied tc
problem* of burns. It will be shown that there is a criti-al taaperature 'ré
which results in irreversidle Germal damage and that the value of !c can be de-
rived from the experimental data. For the bomb pulse, the depth of buum will be
the deepest point at which %(x,t,) s given by (5) exceeds T, under the condi-
tion *hat the surface temperature never exceeds ths boiling point. A similar
process can be folloved for the square pulse data. We will correlate the theory
both with bomb pulse data and with square pulse data and show that the proper
square pulse simulates s tumb pulse adequately.

Ths bast 2atn o the time ot which the boiling point is reached are data
using squire pulses, Rence we shall have to use square pulse datu in this case
for correlation with the theory.

Let us note for reference that the weximm surface temparature for a
squars pulse oocurs at t = ¢ and this terpirature is from (8), settiry T m v

10 - 2€
(10) . T(o4,) =

e neximzs smrfase temperature for the bomd mulse is obtained fios {5) Yy
eubstitutiog ¢, froe (7) md setting x = 0, T~ fuwms 6% to be

{av) T(ot,)= %

%
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or T(a t"') Ao/
oy

ainco tym 207t

One note~ that (10) azd (11) will agree only it +»s duration of the square yulse
is chosen properly in regard to v « 5 by (V2 <1). Thue, one must choose

a2l ar t,-725¢,,
7 A
Thue, to ai:date the bomb pulse, the square in1se must havs a durction of about

8 times the time to the maximum of tha bomb nulse.

The peak intensity (comstant) in the equare pulss must be correspondingly
reduced below the peak intensity i1 the bomb pulse.

Again cne notes Trom either (10) or (il) thet if the mizk teuperature is se:
at the boiling point of water; sach equation predicts that eqb will vary as tie
square root of the time parameter. We shall sce later that the experimental datu

confirm this prediction,
The Boiliuz Point Probleam

1. The Square Wava. L _
Re‘urning to fq. (é), we note that boiling starts at the eurface when
™o, t) = T, whera T is t'> diffs: mce between the initial ekin tempcrature ant
the 0oiling point temperature, Thus, under ordinary thermal conditions, T, = 65°C
and the bolling point is reached when

1la ‘ T« 258
(112) ® dat, '/'7;':

It is evident from a physical ntmglpo.’-.nt that when the potliung voint is
roached st ihe surface of the skin it becomes quite ifficult to increste the
depth of burn, The high vilue of the latent heat of vaporisatica (538 ceal/gr)
oroatucmtdnkvnichilmpmpnrodtothou;mnqmdtomttom
boiliag point. Tius, at appmﬂuto_ly the time that the Poiling point is reached
one would :mect the maximm depth of dermal L:=jur:- tc cocur®, To ™y suve, thy
¥ For 191 total eoergy @, 0f coures, undur ya{ation of the pulse tws t ..

»
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maxioum dassge can occur ai appreciadly later times if the reraining hsat flu:
is large erough.

To dlscuss the uffect of the boiling evay of skin water, one must start
with &ooe reasonable assumptions, "hese would appear to ve:

1., The siir water boils _u a thin layer near the surface and reconienses
at the termdnation of the heat pulr-a,

2. ¥When the skin surfaco reache: the boiling poipt. the temperatiao dis-
tribution in the akin does not difter significantly rrca what 1t would have teen
if the surface temperature hud been held at the boiling point for the same length
of tima, This assumption is justified by actual calculaticns to be glven later
and the error invelved in the assumption ie indicated,

3. ‘fhe dopth of the boiling zone is emall compared to the total depth of
the injury. Thus, the problem can be treated as ome in which the xin muxface -
is held at T = 7, (%, - temporaiure rise required to reach the bolling point)
after boiiing is reached resulting in the usual conductive solution for such

grobleme, Thus

(12) 4 (xt)= T, ue (ﬁ;’ta,

4. There im u critical tewperaturs T = 'i‘c a2t which tissus necwosis acomym,

It 48 clear, of courss, that asmmption (1) carmov hold under extrems cone
ditions of Mt input, Thus, for largs ('.Qo. as to is decreased, one ultimatel;
reaches a point at vhich stear is lost fxo: the surface., ¥Wit'wut kmowing a
great deal ebout mechanical and thermal pruperties of the skin, we cams::
treat the steam loas problim except by appsaling to the data gi7en in Referer-e
53 8.g., sea Fgure 8 ¢f this Chapter,

¥e dc #now, however, that when the boiling point is reached, the tamn2ra’ure
ddstritatic o ahifte from that given by (B) to ¢het giv/m by assmwption (4). This

’8
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2'ves us a paximm depth of damage which corresponds to seiting T = %, In {12}
with t = % . t_is. of course, determived frox {11a), for square puises, After

toiling io reached, the depth of damage then varies as given by (1?). i,e., a8

(13) e (3':;—;- - -Tr'

It i clzar that under the assumptions made, (13) represents a paximum in
the expected depth of damage sinc- it takes come time to shift from the original
tompereture diatribution te that given by (12). te in the time at which recon—
densation is coaplete, This time will be caliulaled using reasonsbie assurptions,
One notes that x decreases v J'E;.

In the case of very small to' the akin water must boil away completely tc
some depth d, This case is not a very importunt one as it is an extreme
case.

To calculate the general expression to te, we procesd as follows, Tho
calcuirtion method is illustrated for & square pulse. Row, for the square pulse
one has

() T(ot)e 258 7

.éo‘!"ﬁ
Boilirg is reached at t = t given ty inserting ®(0,t) = T, in {14}, after
“0iling is reached, the temperatuwy+ distributicn ie given by
TeT e
which yields -

- .[,ﬁ: - *7:&
3z lxzp ’z/”E
Por & square pulse, the heat in the boiled fluid ia E%(!-ts/to) ad at tie

tive t o &% which vecondersstion is cumplete cne must have

t
. r i '
{15} [ #ix “"'] © g{ dt=€c (- fn)
tB J_;rf rrl o e !

2
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The depth of daamge at ¢ = t;e is tben glven by

(16) xe 2 g ,0(3)
a k { T/ P
Integrating (15) one has
: zir‘ — ¢
a7 (4 ‘“5)"500("-;.'-)
with
Aat /T
(16) - Se

from (14), Thus, ecuations (16), (17) and (28) zive us the requircd rolutior.
As amtioned before, tlue znlution holde so long ac the varorized wai:. re-
condenses in stsum blebs, At oxtreme conditiors, the stes: sxplcdes from the
surface. When this occurs, the depth of damage falls drastically and can rise e
asain only at heat inputs 85 high that they are cf little interest here.
To mmmarise the calculatinns:
i. 3q'are Pulses.
The xaximm depth of desnage occurs approrimatsly et the boiiing voint, A
t*a point CQD varies with i’E; as glven by
€Q,- £
Afts- thu oiling roint is resthed and in ths case of no stemm josas, the
depth of damage is given by (io; al.my with (17} &nd (.ul.
2. DBomb Pulses. -
The sarimm depth of lamsye agmin occure sproxizetely st .te Yoiiing polnt.
it this peint 6% varios with /t: 22 glvsn by {11) wvi'hy ?(C,t’) 88 oqusl tu

Y

'!0 .

A7ter the uciling print ls reached, the depth ¢f lssmge ic given by { U3

along wvith {i7) sxcept that t&s right hand se’>r .70 ks be chenged o ool
ty

€a-1 . P T
Q”j A% e ! (2ol

’t (;-




vhare T ‘= the ircomplete Jamma Iunctic. as zabuiated oy Fearson, For ie wwab
pulsa, it is clear that (18) must be raplaced by (5) with T(0,%) = 7 and t = 1y
te be detsmalued.

The Critica’ Dempersture

Fenriques (1) has disc. ‘wed the problem of tissus destruction in terms of

a simple firat-order reaction rate formula. Por constant tiasue tamrerature,
Henriques hypotnesizes that tissue destruction follows the law

_ar
(1€) N wPt€ bid
AR is the activation energy of some unspecified tissue destroying reaction, ¥
is a cnnstant, t = time required for tissus dest.uction, T - remperaturs and R =
gnz cwnsvant. L. im scme fixed criticnl velue required for Hissue necrosia.
If one plots Log t versus 1/T, and if the ‘heory ia correct, one should obtain
a straight line, BHenriguuc does obiain a otraight line for t2>u seoonds but
the data fii ia poor l3low thic point, We wish to demonetrute that, although
Henrizues' theory mey de ~crrect for large T, tho tiasue destruction criterion
{13) is not correct for times in the bomo pulse range. Jo this range tissue de-
siruciion ocoure 4t soes c—iticsl cwmpersature T = Tc irdependent of pulse tims.
Te show that ibis is so, we ajpuel to the basic data.

Now, deniiques' data wer~ “zaan by holding the skin surface tempersture at

some fixed veive "‘o for tioe to' Por sde.. ':o thar- i9, 57 xiaze, & time at wmich
the injury corsesyonds i¢ traceepiderwmal nscrosis vith depase limited to the
epldemis only {a Loicaness of about 0.1 me). The waricus vmiues of T and tor
carrespondiog o the avove Amscrided infury, were detarmined by Beurigues.

o0 3t the vroides gath »oicelly, the Taporature disszibutiom is

0 -~ s X ’ M
a0t Y ‘n:_({ /_‘:‘ \




Wov, for t 21 and x¥.Cl cm, az/'.?/i; i small ec tlac
/

Esc (2% ‘],j/__ ax

! (ly ./ /”E’

oo [ Epafar Vg 2%
071&5 (375,44' /e,

us, from (20),

” - o >

("1) /c’y 7 ');77:- r’ﬂ',f-

vhere x is the epidermal thickness an. T is the temper:iture of the epidermis,

Clearly, there is a critical temperature T = T 1if when one plots Tog '1‘0 versus
1

to"” 4 straight line is obtained. Pigure i. shows the result of plotting

Henriques' data in tuia way. The body skin tsoperature or ..a pig has been

taken to be '&4°c and the <emperature plctiad is, ¢f course, the slevation in
temporature sbove the normal temperature of ,’AOC. One notes that the plot is
quite linear up to times of 25 seconds. The intercept at tc-& = 0 yields the
critical temperature Tc = 18°C zbove the norsal temperature of 54°C. Thus, the
ahaolute critical temperature 'a ‘)20-'.‘. Purther, the alop of the curve is 0,24
and thiz should corresponi to u.»’.’? . Setting a = 34.4, thie ylelds x = ,Ci2 o=
which is certainly a reasonsols vatue for the epidermal thickness, Thus,
Renriques! Adata claariy i{rdicates o oriticel temperadv-= for Hosus dostructl
in the renge ¢f bokd pulse tiges,

Iooking at further data, Xukl, Sheline und Alper givae the following data for
heating ot the rmt s with hot water. The injury criteri-n '~ blister foroe~
tion whick corrssponds roughly, in this cass, with trrasepiderwal necrosr.. 7The
duta are ziven in the lalle helov. Unforiiiately, we 40 not kaov the inttial
temperaiice of e enidervig. In s crsa such as the sar, hwever, tle epidermmi

tempar<’ure ould Dardiy e aore than about two drgrwes above iue room temper:’v.e

b Z‘OC. T tzaperature at the center of the ur ' . . 5 dcelow surface) was

A2
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abcut 2900. Thus, an epidermal tempsrature of 25°C is rrodebly abrut correct.
The plot of the Alpan data is shown in Pigure 2. Eote that ilie point at 320
seconds cannot be used as this length exposure puts us in the range where ths
Hunriques' therry is valid. The oint at 0.25 seconas is suspe-i due %o the
difficulty of controlling tho cxposurs *ime,

Table 1

Median Effective Water Tempuratures
Reguived to Produce Rlistering

Exposure ET
Time hposodnszgs of Ear
(sec) C
0.25 7.0 = 1.1
0.50 69.0 £ 0.2
]lo 6404 t 002
20,0 .83.0 2 0,2
300.0 - 47.6 = 0.?

The critical temperature turns out to be 51°C as against 52°C from the
Henr.ques data. Thus, it appears that we can telk about a critical temperature
and ‘hat the valus of this critical temperature is about 52°C.

The reader should note that the slope of *he curve is 0.23 correspondig
t0 x = 0,12 mm, This confirms that we are again talkdng about trancepidersal

necrcsis, The suthors surmised that this was so.
Comparicon of Theory with Nessureweuts
We have noted from Eqs. (10) and (11) that a bomb pulse may be .cplaced
byanoqnivalontsqmepuluinthosmothattotortheaqmremlumbe
tod 50 hat 12 L) = T.00 4, ths maxdama Woab julss swlacs tspsratare
and the maximm equare pulse surface temperuture are the same. srOm & Prec=
ticu. standpoint, however, this equivalence may b3 oxtended as follows:

(a) If tae time to the maximum of the b " =1yt 13 4yend if the bomd
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pulse i5 ceplaced by a square pulse cof duration 7.85 tm’ then the maxism depilt
of burn will be given to gocd approximation by

(22) T(x,285¢t,))aT,

vhere T(x,7.85 tn) in the sciare rulse temperature Alstribution a: t = 7.85 t
(the end of tre pulse), T  is the critical temperature and x is the depth of
burn as calculated from (22). In other words, the temperature distribtution at
the end of tne square pulse does not yield a significantly different depth of
damage than one would obtain by finding the maxizum depth at wvhich T reachos
T e for the bomb pulse itsels. This approximation is interecting and -1seful and
will be justified by actual calculation.

A second point to notc is that the square pulse~bomd pulse equivalence as
astated abovn carries over into the regiom where the surface temperature reaches

the boiling point.
Tus, in comparing thenretical results with experimental yesults we shall

compare sqiare pulse calculations with square puise experimsntal dats. Then
we shall compare bomb pulse data with the square pulse squivalent .calculation
as stated above, Pinally we shall show that the bomd pulse theoretical cel-
culations do not diffar simificenily from the amivalant square pulse theory
as defined by (a) above.

In the previous ssction, we determinea the c;r.ltlaal teauperature !o' and
the skin constants €, o, ¢ and K were detinained from Pefereuoe (2). Ve
now use Refarcace (5) to compare square pulsc data with square pulse thec:y end
Reference (6) to compare equivalent square pulse theory with both bomd pulse
dats and boub pulse thecxy.

For ths oonvenience of the resder we will presunt sone pluvs of the deaie
thsore’ical axpressions, Figure ¥ shows a plct of
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for the sjuare pulse. T(z,*.o') is, of courge, ‘he maxirmm temperature achieved
at auy depth x. I? one sets r(x,tol = T, then ons can calculace the deptn of
damage from this curve proviaci, of course, that 'I'(O,to).‘.'ro. i.e., provided
voiling 18 not reached at the suriace, )

Ourvesof ﬁepthofdamgevarsw. t forﬁxﬁ%mahmmin!‘ian‘esdand
c for a critical temperature of 52 C. The damage depth after boiling sets in is
cticulated as indicated earlier., The sudden jump at the boiling point is caused,

of course, by the assumption that the temperature distriburioan shifts immediotely
to thai given by {12), This does not occur, of course, except at shallow depths

and hence the calculations for the boiling crse represent the greatest depth of

damage to be expecisd,
4ow, we noted eariier that the sikin does not react like an opaque object.

The fact that ihis is 80 reduces the temperature for the deep dermal burn, Since
i is 80, wo Jmow that our calculated depths of injury are t0o high. ¥e can

compensate for this by raising ‘rc to some effective valud higher than thei ob-

tained from the data of Henriques and Aipss. The effsct of shifiins "c o 52%w

is shown in Figures 6 and 7. The change in depth of damage is not excessive. In
cther words, the flash burn damage depth is not excessively critical to the fact
that the tkin ia transluoent.

It i3 uow of interest t0 compare our calculatitus with actual expociuental
square pulse data. %he dcited curves on Pigures 4, 5, 6 and 7 are sxperimenial
points taken from Pigws 2 of Reference S, Tha readsr should note that the
uwdthoup-rmntaldnumtbom good, In fact, the expsrimental
doptn uf «\mage as determined from weasured derth of . ~ollagen demagn (Pigure 2,
m.§)6,;..a¢notWatmnnuththominunwmma

* ss"cn Awosemn to obtain a rough £it to the shape of some axperimental curves
glven in Referende 8. 7
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dermal collegen destroyed (Pigure 3, Ref. 5). The error in time et which maxirma

damage occurs ic aleo large (see Table 1, Ref. 5). The times vary by factors of 2

and 5, Thus, wo have quite reasonable quantitative agrewsent with the experi-

mertal data. We cannot expect goo? rgreement betwe.n the ahapcs of the experi-

mental and theoratical curver “cr the reavons indicated above. The comparieon

oif theory and evaperiment at the meximm lookm o2 foi.lm“fcr the cuse T, = se’c.
Toie 2

Theoretical and Experimental Depth of Maxrimm Collagen
Damage for Veriocus Valuase of Q

2 Experimental Theoretic-l

q, (cal/en®) x_ (am) x, (om}
20 1.9 1.35
16 1.6
15 1.5
13 1.2
16 .8 o7

8 o5

5 o2 3

In making the comparison we have talken one=half the boiling point jump as a
reasonable compensation for the fact that the transition to a new temperature
distribution cammot occur I mediatelw,

To show the variability in the experimental data, ve have reproduced Pigure
3 of Ref. 5 in Hgure 8 of this chapter and Figwe 2 of Ref. 5 as Pigure 11 of
this chapter. The reader should note the lerge change in the sbape of the ex~
perimentil curves when the injury is expressed in quarters of dermis dastroyed.
The maximm at 20 cal/om’ comes at 16 meconds in Pigare 3 of the reference
vhorsas it comss at about 8 seconds in Pigure 2 of the reference, Thus, the
shapes of the axperimwats) ~xrves ccunot be very accurate due tn tne inhereat
Alfficulties in estimating damsge drypth in edematous tissue. The ourves in
Pigure 3, l.wever, agree rather well with the ) wo ~ta' theoretical shape. One
can #co thr rather flat bebavior of the 20 cal/cw’ wurve to the rigie of the
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maximum and there is even evidence of readjustment of ths tUZperature diptribu-
ticn as heliling ocenrs at about 20 senonds. G 3180 see8 the inear decline to
the left of th: maximum with a s'arp tresk downwards presumably when partial

gteam blow-off zccurs. We nave not attempted to sstimete the puind of steam

blow-off theoretically.

w6 can 3&y, 1 bolisve, with conoidorsble zelishillis dhet heat siven in g

very short time with steam blow-out will give the surface appearance of a 3r¢
degree (full skin thickness) burn whereas vais will not be the case at ail. Thus,
one cannoi expect correlation between surface appearance and depth ol inhwy,
rarticularly in extreme cases,

Pinally, as to the timo at which the theoretical muximum damsge is reached,
we can only say that this occurs at approximately the boiling point and perhaps
slightly earlier. At the boiling point, our equation (10) ylelds the res:it

Q, = 4.9V,
Thie approximate relation Lstween total calories per enz and pulse duration at
the maximum is plotted in Figure S. The measured relationship from Refersnce 5
is also showr., The agreemeni is rather startling. One notes right avay that the
msasured curve of Log Q versus ¢ has slope spreoximately 1/2 as 4 shouwld thene
retically and also that theory and expariment do nnt Ziffsr appreciably.

A8 a further cheock on the thecry we use the siiwlated bomb pulse data of

Reference 6. Tables from this reference ure given belos,

Table 3
Nedian Values at 5 cal/cn?
Radiant Bxposure 7 Depth of

Sxposue ¥eapon Surface Devanl
Time {sec) Tieid (K7) Avpearsnce

1.8 20 "4 0,055

2.% 40 -3 0.0

4.0 100 .- J.00

2.6 1000 bR | 0.00
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PIGURE 9

“elationahip Retween The Criticsl Expnsure Time
For Maxiwal Dermal Collagen Damage
Measured in Miliimetsrs and Radlant Fxposure
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Tav"a 4

Median Values at 10 cal/c:n2
Radiant Expoewrw

Weapon Suriace
ieid (KT Appearance
X 2
40 Z+3
100 ot |
1000 Saem
10000 248

Table 5

Median Values at 1° Cu}.,’m?‘
Radiant Exposure

‘deapon Dorface
Yield (KT) 4ppear-soc
100 3+
1000 >+5
10000 248
Table 6

o]
Median Values at 20 cal/cm™
Raliant Bxposurs

Veapon Surface

Iieid (KT) Appearsnce

1 S+a
1000 S
12000 3+s

1+ -~ erythema

2+ « patchy whi.a buru

L - iniforw white aa

4+ - steam bled

S - carboniszation
Ir reading ths tables the reador should :~*- that the depths given tef.: to the
dermis only. To get the tctal depth of damage one wuc? edd the epidermsl thi~k-

aess of about 0,1 ma. Tl caparis.n of *abies with theor=ticwi vwlues is given

belav. This thaoretical chech was male Ty using the equiva.en. squaTe puise




R

calculations (s), with tm = to,/7.85. We zhall preaent the same romparison for

the theoretical bomb pulse.

Tabls 7
q
Compariacn of Theore ical and Calculated Depths .
¢ci I[.mage ;
Vaanon Q =5 9 =10 0 =18 n -
Yield Bxp _ib =xp _in sXp 1 w2’ un —an -
R . . . . -y s confily -
20 16 .28 b .63 1
AC .14 .27 .45 .64
100 .12 .26 .5 .£3 1.02 1.04 b 1o
1000 43 0 .41 .94 .95 1.08 L) 1R
10000 DY .15 T2 W75 1.43 1.1

The agreement between theoreticzl and experimental poin.s is well witnin (e
variability of the sxperimeantal data.

The readar should note that for the cass Q = 7, the mean value of deru..
damage van used rather than the median value am siven in Tuble 3, In this case,
ine mean and the mediar differed significantly, This was not true in the other
caséd,

Now, we wish to show that calculations based c¢n a square wave pulse of
duration 7.85 t' do not difi:  eignil.cantly fros bomd pulee calculations cf the
ssme totai energy. The bdomd pulse c3louwlations sre given in the table beiow for
= 56°c and T~ 52°C. The former valus fito the data Letter as we have noted
eg:clier.

The rceulte in Teble 8 may be compared with Tadle 7, usine T = 58°C. Agrec
st is excellent except ir a fev cases vhere the weapem yield is high en? the
de1th oF damsge w1,

Pinelly, ve stov ir Ficure 10 the tvo lines bounding the derr3] bwum arw:.
The top .ine is, cf course, the line ainng which maxiwm depth - “ burm ¢ccurs
a8 plotted L' Plyure B. The iower line 18 the i . . w - which the :ritical

temperstue & fus? reached a: the surface oI the sk'n.

l'q -
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Tabls 8 N
Depth of Demags Versus Boab Yield For '
Tue Thermal Mlae ¢f a Weapr« N
T = 52°% r =53% g .
C [ “ o
_i S W=y S g
1 20 B 1.45 1 20 B 1.20 3
) 26 B 1.48 o o ° e _ R
20 0 B 1.49 20 x B 1,23 B
40 20 B 1.51 40 V) B 1.5 .
100 20 B 1.53 120 20 3 1.26 ;
1600 20 B 1.62 100C 20 B 1.34 e
10000 20 W 1.53 10000 el up LS80 I
! ? B 1.1 1 15 B .910
: 15 B 1,12 10 b .926
20 15 B 1.14 20 15 B .943
40 15 B i.15 40 15 B .551 4
100 15 B 1.17 100 15 B .967 e
1000 15 B 1.25 1000 15 B 1.03
TR 15 KB .G80 10007 15 NB .55
1 16 B 743 1 10 B .614
10 1 B T2 0 10 B .638
2 0 B Rt 20 w B .647
40 10 B .799 40 10 ® £51
10 I B .32 100 o) B L68C
1000 0 B .70 1200 10 ) 1] .440
12000 10 X8 .400 10000 10 n .70
1 S B e 1 5 B 322
10 5 B I 10 5 . .45
] 5 pot'| . 400 0 5 L] LK
4 LI /) SIS 40 s w® .240
120 5  MB .35 100 5 XB .00
1000 5 m L 145 1000 5 W 0
ooty 5 K3 ) 10000 g . 1] 0
’ Kote: B - boiling
EB - nov ™filing .
4
|
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CONCLUSIONS

1. T3 theory yresented here is adequate 0 predict depth of damage fron
thermal pulses.

2. Depth ol burn can 'rohadbly not be assesser clinically with accuracy by
surface appeararce,

i, A sunare pulse of Ewation t -~ 7.95 1 and haioht /.88 lco/em
ia an aaaquate sinulation of a bewb ptilse, wnere \dwut) 18 the musioum
intensity in the bomd pulse.

4. Tissue necrosis occurs at a critical temperature 'i‘ = 52°¢ for heat
application of the duration reange of bomb pulcus.

5. The 2° burn curva L: T 23-200 should be dispensed with and actual depth
of damage versus Qo and duration should be used,
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Conputation of Part‘sl Palse Deta
Ve wish to consider the case vhere persornel are exposed o a g.ven fraction
of the boub thermal pulse and to compute the asovciuted depth of damage, From =

tacical standpoint, exposure to 2 -artial pulse occarc, of courss, when personnel
are able to take evasive aciiiu. and reach a region of partial or total thermal

AL 4 - r— ey, b - > - . s Y 4 ooy L4
wraglan L2 pIeslllc nlpy or rre I opemnr me doew Siend o of

T odasnWhvialag ¢

.- -, PR L

boad size boing in excess of 100 KT.
From a mathematical standroint, we use the expression (3) for the bomb
pulse, with the further condition that dQ/dt = O after soms critical time t = t.

Thus one has
-84 =Kt
J - ? ” i s¢
(23) gﬁjqﬁxt € otst,
g%so t’td

It aprearedto us, at first, that en exact solution to this problem was not
posaible winoce the required lLaPlace transforms wers not tabulated and appeared
impossible to evaluate in any convenient anslytical form. However, it was
noticed that the problem, stated in the form of a Green's function integral,
could be solved in closed fum. Thus, one formulates the equivalent solution as

2ollows;
At t = ¢ , the temperature distribution is given by (s), 4.0.,
- (m-u)‘
(24) T(xt. )= 5%_ K(K+ax) e e
Aa ”‘6 2tg J

Ve then seck a fimotion 7 (x,%) ouch that
T (x.¢)= T(z,t‘)
and
Zul w0 en
OX [y .p
T™he prodler is then solvable in terms of a Grue~ ‘s “Ition integral with ermael
G(x.x', 1) #.ch that
{1} & vatiefics the heut fluw equation, sni

g



(2) G satisfies the toundsry condiuon

?_QI .o for all t>0
IX|xr0

The function G{x,x',t) twrns out to be

[l - dgses)t ]
e -

a
(25) G(x.!:t)‘m + €
’ v g meademad o) gd e Py f [ :.,
~5 .-~..ﬁm oo Sl . gt S PR R - Cx A g ng et W

) ‘C"‘" - A £‘1¢" }'
(25) ‘c{x't] - 2—3'#! [ ] T(z,T;)J;'

If ove introduces the nctation
x* g“ K

ﬁ. L) — P amm——
xw J‘, x'ﬁ—.“ A-ft) c qt‘

the integral (26) reduces to

a
g .“,)l. - ‘C“"“') —A (l*.u
(27) Tl an) e S0t f [e v ]{zz (16241} € da’
+ zlr/t"t:tso | }
Then, Setting
plttd= Aeng

. f.(.t.'ts-,-“) f')“c - "t“'
’, (t,t‘,.u)- K‘; + At

r(t, b w)e X; ¢ Xa?

One evuluates (27) and finds

IR of  JORTOVIRIRE s L
. [@'(,433: ( _'t‘:))&lak 0# {"ﬁ]g"n‘}

Bquation (28) is the exact solution of the prodlem as ons may verify drectly.
We muat now oonsider e limitations imposed on the caloulation by the

17

(25)

occurrence of boiling at the murface, Our viewpolint will de, incofar es the
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partial pulcs is concerred, that ovasion is ineffeotive if bturns which result
in toiling conditiona carmot be avoided. Iz ciy event, we kuow thet {ha depth
of turs -is wadrply attenuated whan boiling occu™= snd hence we shall limit
rertial pulee calculationis to sub-boiling conditions, Thus, we impose the
condition

(29) T(at)sT,

whers ':(s.*rc) i3 given b7 {24), Tue condition {23) alsv 1imiic thé valuss of x
whick we must consider. For injury cannot occur unless !*(x.t) Teaches the
oritical temperature Tc. T, the depth x is limited by the comditiom

(30) T(xt)ET,

or, put another way,

t T,(x.t) % w
(31) ..:?:.._. z f 35

for zn effsctive critical tempereature of 58°c. If the critical temperatcure is
set at 52°c. the condition is

772) To(xt) x,2¢
The latter condition is sufficicntly broad to cover any reasonable value of

oritical temperature.

Caiculations of depth of injursy for partial pulses are given in the table
below, mmdmwMGmdmlnmdlofrvlthmucslmm
of 1 seconu and 2 seconds,

i o, gl Rl 53 SR SRRV AT € b AP A A Y e e 4
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PAPTIAL PULSE CALCULATTONS

by
) —ex
. \%ec
x (cm) z Q.
2 2.7 11,52
.02 23,19 8.36
.04 463 5.43
0 2.20 11.58
.02 2.00 7.65
.04 2,00 4,67
Q 1.00 8.7
02 1,00 4.44
.04 1.0 LT

Cago w = 1000G KT

T
1 {cm) tt(aec‘) 7%‘—
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APPENDIX A

It ig realized that some »f the veaders of this repcvt will not be
feailiar with all of the mathematire) techmiques foi sclving tic nest flow
squation, The snlubions can “vways bo checked, however, by ihe follow.ng

proceas. Firs*, the soluiion must satisfy the “eat flow equation

2

oY)

L. el T
(2) ax? & 5t

vhere wa have set /o e/t = n')‘ in the ter:,

Second, the solution must satisfy the required initi=® csonditior and
the required boundary ~enditiona, Thus, for examvle. the r~oluiiom (5) om
‘page 35 murt satisfy the initial condiiion T(x,0) = D at t =0 for all x
since we have defined 7 ns *he excess of the skin temperature over its ini-
dal temperature, It ig clesr that since the exponential term in (5)
approaches zero for all x ags t-»0 that the reguired initial condition is
satisfied,

Now, also in the case of (5), the boundary .onditicn at the surface ie

that the radiant heat injut £ —% muset at 41l times enua) +tha heat conducted

awmay from ths surface -k g—* . Thus, one computes -k &= fron (5)
x=0 .. ax x=0

and che~ks to see & it i3 equol to o {-% as given oy { ;. Finally, one

my sasily differentiate (5) to show that T(x,t) satisfiea the heat fow
squa‘ion.

This same process of ~hocking may be followed throuphout the mathematics,

O T ———

Por erample in Eq. (26} on the partial pulse calculatlon, it is < . icus that
Q’(x,t) satisiiea the hoat Tlow equation as one can quilkiy verify by aifi.re

entiating wder the integral sign, Purther, 2inc. #lews is no heat input fov

A~1




t>0, %%‘—i = 0 for all t > 0 and it is canily rhown that Hhis is true since
1= 0

%&! = C for all t> (, Further, T+(x,t) nust sailafy the inital condition
ix = O
that T (x,0) = P(x,T ). It is clesr that this initial condit’in is satisfied,
howover, aince .
-a"(x*z')
€ v - 0 <7 -0 forall x>0
2
- 2-x)
el ————
and 6 “t -3 0 as t »0 for all x >0

unless x 2 x'. Thus, the ldu 'r+(x,t) = T{x.’l‘c)

t >0

A2
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Sextion 2, Piwe to Shoch
~

In tie sacticn we wish to compute the time I.ow burn injury to cnaet of
hypovolexic shock. There ars certain limitatione ta the raleulat:on which cannot

be resolved. These aro:

1, The rate of fiuid loss devend:, of course, on the particuiar uree of the
body which is injured. This is _vidently a physical puenomenon in the serse
that fluic lossea are impeded by the build up of back pressure in the 1sgion of
loes. The capebility of the particular body :ezlca to build back i1vessure deper::
on the "loosensse" of the rsiin. MTws, for example, fiuid losses are h*gher in
buriid to tlie backs of the hands,

2., Fluld replacexent resds are known conly from general clinical observations.
Thue, c:e has such gemeral observations as the 10ss rate per unit area for o bumrn
ussessed clinically as 2° and the observation thai the rete is twice as much for
a bur . asseaned clinically as 3°. Ve also have the general observation that
fluid loss rate is a lincar function of total tissuc destroyed for area hurns up
*~ 508 total body area. None of these observations are exact in » scientific sense.

3. The total fluid loss required for hypovolemic shock is not known accursielr,

M™e Mimitations iistod above are not as serious as one might think., First of
all, the .critical body areas where fluid lose is vapid coincide with areas which
osuse early incapacitation for reasons other than s.ock, i.e.,, the backs of Zhe
hands and the face. As to 2., it is trus that the clini-ui 1ssessments of burn
area and depth versus fluld 1oss ars not in the category of a phymical. ceagureman-.,
btut thess assessmonts tend to be valid statistically wince the burn surgeof l-
timately finds, from required skin grafts, the approximate exiei:t ¢f the injury.

Tte lack of mowledye in 3. is not serious enovgh to affeci wie cal~ulations
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appreciably. Ve hare used 35% loss of olood wolume as a criterion for shock smd
raised this o 426 when the loas im corrected for plasma protein beiance acquired
through flow of interstitial fluid into the circuiating blood, This criterion

must be rogarded as conservative on account of the correction Jor protein bdalance

and 2130 because of the proLe.ility that neurogemic shock can also occur or that
as Dr. Vogel says, “tnere is undc_btadiy a revu. yenic factor involved®,

With these limitations in mind, \e define the "statistical” 2° bww as a um
which extends to half the dzrmal thicimess which we shall iake to be 1 mm. For
the statistical 2° burn ve know that the fluid replacement requirement, aside
from fluids requirsd to replace insensible losses, is 2.0 :: fluid per kilogram
body weight multiplied by the ¥ ui cne body area durmed, for the first 24 hours,
The requirament is half this for the second 24 hours. We also know that the
fluid loss rate is very probably exponential dus to the build up of back pressure
in the injured area, TIn addition, we shall take the fluid loss rate to be pro-

portionai to the total tissue destroyed. Thus, we sst

e Ro is the {nitial ra*s of lory and o« is the decay constant, PFor tre

statietical 2° burn we have

L

-t .
er,E '».Jr «20.fx 10 3 {1iters)
. J .
"
~xt -3
RE dtewfrio (1iters)
2y
where v r weight of hody in kg

f = % body srea burned to a depith of 1 m
From these eyuations we find

(l) R = 0029

Aaas g % 2 4




T e
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| G
- _’ - i
and () R - 2xwfro’ NIURN
. (-] /-é TP :._v_. X
Since ths ~rarage body weight of A man ia 70 kg axdl the average blood volume is "A,?‘I' \
5.3 litern, cur shock criterion for the statistical 2° burn is
!
v . ,
-t R [N ’
K€ dt= n3(owz)=22 (literas)
o .
or " g -
R (1-€" )= 2.2
~uY S
- or £ o/-22a/R, e
Yor burns whose depth averages other than 1 mm, we rerlsce T in (2) vy
R -X
(-]
where X is the actual average burn depth in millimeters.
We can now conatruct a table of time to shock versus average depth x and %
hody area burned f.
Table 2.1 |
Time to Rypovolemic Shock Vevsus Average Burn Depth
and Parcent Body Area Burned R
£ N B! 3 K .1 1,0 13 15 1,7 2.3 &w ;
10 (s3) 32.1 25,8 2.4 17.2 7.6 i
15 4706 2508 170L 15'5 1204 10-7 5.2 i
20 (53.1) 28.6 17.2 2.4 10,7 9.3 7.6 3.8 .
23 36.5 0.7 3.1 9.9 8.3 1.2 6.2 2.8 |
: 30 (71.0) 25.8 16.2 0.7 [.9 6.9 59 52 2.4 ° |
' an 36.9 17.2  11.4 7.5 5.9 4.8 4.1 28 1.7 |
, 50 25.9 13.1 3,0 6.2 4.5 TR 4 3,1 3 |
‘ X = average burn depth ir mm
£ = % boay area burned -
T™he encircled poinis rupiesent uc chock at all since the tirie are Jater toan
48 hourws, ..
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Section 3. The Protectics Afrorded v u.othing

The probleam of protection afforded bty cloihing is one of the most difficult

problems in the ares of thermal purns. 3efore proceeding with numerical analysia,

therefore, it will be of in arvsi t- oonsider the problem in a quelitative way
in order to understard the physical factors involved.
Tirst of all, one can set ce:tain limite on the problem which separate very

gerious burns from burns of a less serious nature, Thucs, if the clothing is

ignited throughout, it is clear that one car, in gemeral expsct very much more
serious burns than if ignition does rot occur at all or if ii cconrs oniy .u the
exterior of very thick protective clothing. Se--nd, the transmissivity and re-
flectivity of light weight clothing plavs an irportant role. PFor example, thc

usual white civilian shirt will transmit about 30% of the incident radiationm,
reflect SO% and absorb only 20%. Thus, the reflrctance and tranamittance gen-
erally play a more importani role than the absorptance whici ultimately ieads
to ignition., In the case of darker, heavier clothing, absorption is over-
vhalping compared to the transmittance, and the reflectance is, at best, 27% to

20k of ths incident ensrgy. Tnis applies tu the usual military summer khaki and

In the ceae of military summer clothing, the c.~*hijng can either heat to

T .,

“the ignition point, giv-ing a very serious burn indeec; or it can heet to Eome

to the body csuzing a twmn which is about as serious snd sometimes worse Lhan the
burn which would have o~curred had the skin bsén bare. This las’ ‘atement seens
curious, btut it 18 adequataly supported by the aata.

In the :ase of heavy, six-lajer, winter clotl @ or: encounterr the most

difficult r;-lom of all, It is very probasc.y . pr. iem in viich .. physicsl
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faclors are 0o complexr o allow theoreiical treatmamt, To be siure, the ignitimm
conditions for the outer layer or layera ~an be found. However. one then hzs to
consider xhether the fire car be put out by rclling on the ground nr whether it
will Ys suffed oul by ths blast wa ~, The lutter tuntingeacy scms athely.

The tresatment of heat conducii.. through the various layers is hardiy pocsitie
ot account of the variable air spa.“ng botweei ° vors, Thus, oz this problem one

can probably do no more than give the "hest possible empirical answer based on

available data, Ths tntal energy input fcr burns under heavy clcthing will, in

any event, be very high (on the order of 100 ca.l/'nmz. Refersnce 7).
The important thing to notice is that, except for very .iwsuvy -lothing, the

various phenomena associated with burns under clothing can be understood rather

well theoretically and car be checked adequately experimentally, The chisf ex-

perimental limitation on laboratory experiments, in cases where the clothing bursts

into flame, is that very small turn arvas are used znd tne ignited clothing

generally falle without touching the skin of the animal, This is hardly liely

to be the case for ignition of clothing o1 the back of a prone mar or, inlesd,

for ignition of the entire .ccnt or vick of ths clothing of a standing man, The

orperimeutal limita™ons on this score will becomo evident in the discussion and

analysis to follow.

Io T Ee Prywical Properties of Varicus Typ.d of Militsry Sa_:_-urr';‘.pth.ir:_g.

Phyaical data availadle on clothing are condined almost emtirely to military
materials exoent for some data on light white gheetinz., Qur mobdbles wil) be to
show that theoretical calculations can be applied rather accurately tc materials
for wvhich dats are availedle, Extencion .of the results to cdvilian clothing ran
then be aade when and if data wre taken.

e ted.e below gives the pertinent data wh. .o+ “ive collented on the

72




-
|
l' [
vhysiral properties of military clotilns.
Table .1
Physical Date on Militery Swuwer Clothing
q
Materis ~ € g 3 ;
falorie: (on/wd ; b S 4
white cottcen eheeting 3,2 Rl 51 s 49
Inpregnated coiton
sateerc (7R)
Black Yol nil .04 .96 .36
Nedium gray 8.2 nil .2 o7 .72
Green poplin 5.4 .C3 0 T .20
Greea poplin (FR) .6 .03 .24 .73 .76
Khaki 5.4 .08 ) 57 3
Khak: (FR) 6.5 . Of 35 .5 .65
63 = Trans@itis ity
6’2 = Retlectance
€. = Absorptaunce
E-=1- 62 = Bffective incident energy
It is clear from the tabie thut the transmittance dspends both on the colov of
the farric and the woight. Thus. 17 Uiere is uwidt effactdve energy incident o
the white fabric, for exam;’ >, and if the ~lscrplion coeificient is )\(ydp‘/oz;.
then a tranmmitted enagy will be €™ Y - ,26/.49 = .74 {ws have remove’ the
anergy reflsected, of course), ari the sbsorption coefficient is A= .C9%. Th..
if the clot: *hicknesa were doudbled, th» transm‘ssion would s+i1! ha / 7Y = 55,
Rence, the tranmwittance of wla'te cloih is high comupercd (i the dar¥er fabrice,
M. ¥ETte Toth, on the other hand, retlects half the incident . energy and thty .“ll
quality is suite laportant. We shall refer to Tubla 3.1 later .n the Jiscuss:on
of dburms under non-flaming fabric, First, however, we wvish <0 discuss the obles
of ignition of fabdriocs,
2. Ignitiou of Fadbrics,
As the rasic differsntial equation for igJdti:- . we 3et
3.1 pella €48 (i€ )70
Cb
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Hore we heve treated the thin fabric as though it heats waifornly aud loses heat
dwing the Leuting cycle to the outsids only. foiiher assumptlon i strictly
trus but the spproximation is good. Equation 3.1 way be integruted directly
for the case of & square pul.~. i.e., for 4Q/dt = Q'/to. Yo hive seen earlier
that & square pulse of duration 7.85 tm aprrozivates the beab pulss udequately.
Thus, setting d¢/dt = Qb/to one has

T (O-E) 7-‘.1" € Q -
Fooa s (R

! ~!= ‘
~ o e e e /¢

-T;
T, r?o-e‘) 1

1t one seta bt = 1 4 4 € Q /ot (1-€,) + this equation Lntegrates to

- | -
. 3P} 259!_{:‘;‘. +2tm'%=4b’ﬂﬁ;§ﬁt + Koy 217 it ztn"';ﬁ
! =% F -T4 i :
ostsat,

™, at t = 0, r-'ro. Ths maximm temperature is rsached at t-tos 80 *hat
if T reaches o1 exceeds ths critical temperature of ignition et to' the clcthing
will burst into flame. Clearly, the critical conditica Zor fptliti is givm by
that combination of totdmqucnnddunuon tuvhichmmrtojmtmh

.. .tha ortt-iee;l...mmm-f-{w'ru*v;."-‘6?;--~mlyt1a313 :

'I‘(to) - !1
where ti is tte ignition temperature.

Now, 12 ve set x = %,/b xnd (x) = Log | 1ex/1x| + 2 tan”x, thea (}4) omn
be writton
3.5 »? {'(8)‘ F(!,)] " "I. ,{L"d Dol
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at T= 7, when t = t , whore x, is, of course, ‘ro/b. Thus, for a tixed fabric,
tho left .and side ir a2 function of Q /t and 4 :ight hard aide is a function
of tﬂ.

Thus, given T.i for the i-bric axi ths pulse duration to. the 1gnition energy
is given directly by 3.3. For practical use one plots the left hund member
a8 a N\motion of x and reads off the value of x at which the left hand member
reaches 4113 -4'—‘—%?‘—9— t,. This ylelds a quick way of conputirg ignition eavrgies
if the ignition temperature Ti is Imown,

One should noﬁg that we will have, in general, twc cases to consider., The
first caae is the case of colored cloth where 6.55-' 0 and u‘i'l = €2. The second
case is that of white cloth where 63 is re}ativaly large. In this latter cses,
the turn process is dominated by the transmitted energy as mcdified by the reflece-
tance. Thus, serious burns always occur prior to clothing ignition unless the
white :loth is very thick. This latter case is not apt to occur in civilian
populations. With military clothing, one would increase the reflectance ot by
ucing white cloth but by suitable impregnation with reflecting metal pu-t_::lu.
Thus, in general, we shsli set 61 =1 62 except for normal civilian white
clothes where the burn process will be camputed using the transmitted energy
plus the energy radiated by the heated fabric, if itz latier should be arpreciadle,
3. Ignition Temperatureu,

¥e have been able to f£ind no direct data on the ignition trmperzture of
olothing materiais, However, we have proceeded first by inferring the ignition
tempsrature of newspaper ac given in Figure 12-1 of T™ 23-200. {rdinary news-
pupur has & weight of 5.0 x 167> m/cmz. ;aing a nominal missivity of
€ w 0.75 {the result is not oritical to emissivity due to the radiative ¥
1aw)} aui the theory ss presentod gbove, we find the iz.uition teapara’ure to de

15
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about 184001‘ or 1293°x. Ws then measrsd the ignditior, tormpara‘ure of cotton
ciotiin: usliig & soldering iip heated with an acetylene fimme. This messuremert
cannot be considered scourate; but it showed thet the {gnition temperuture was
betwesn 1500°]‘ and 2000°F. Since we 42 not knaw the ignition temperatures
accurately, we tised some s~mple catculationsz on iynition temperestures of
100, 1100°K and 1280°K, We have plotted -s-a— Vo Lamt_ for each of
the three ignition temperatures mentioned. ﬂ:e calculation lprocedure is casy
and hence other ignition temperatures may be used ys they become available. An
accurate know'le&ésﬂdf ignition temperatuius foy various materials wouid b quite
useful, The calculations given in the next section ere, tinrefore, ill--strative
of final results and will represent an accurate picture for cotton clothing cnly
to the extent that our astimate of ignition temperature is correct.
4, A Sample Calculation of Ignition Energy.

Referring to Bq. 3.1 , one can note that for the very small bombs where

the energy input rate is very high for a ;;I.ven QD, the ignition condition will

be given roughly by

oe0T=(1-€,)Q,
whare AT is the rise in :ter peratur. above ambient., The above equation will be
roughly correct since the time during which the radiative 1‘4 term can act is
small, On the other end of the acaie, with very large bombu, the héat input
rate for the same q° is low and ths teaper=ture cresps up very slowly as tempera~
tures near the ignition point are reached. In other words, the radiative cooling
terns have a long time to act and thus become predominant, 'Bm oonclusion from
the abvove cbwervations in thai ihere will be ns simple relation between yield

and ignition energy, Thc relztion will depend critizally on igiition temperature
and somevhat less critically on f, ¢ and 62. But, In any eveni, there will
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b no olmple scaling law in temms of the yieid w.

As & egxarrle of calcvlation of igmition erwurg

-

we zhall use one type of
relatively heavy khaki having ile follcwiry vhysice! comstants:
P=161x Q7 gr "m2
¢ =
- £
1 ~2
€, :
)
The heat capacity ¢ is an estimuted averape value for heavy rolecuies in ihe
given temperature range, ‘“ius estimate wus ltaken frorm sll available dats from
the PBureau of Standards ard can be regarded to be 2a accurnte na ne;essary for
calculation purposes. The ignition temperature 'I'i gererelily iz the more critical
par meter. In the calculation below, T, wus given th2 high value of 1840°P.

Table 5,2

Ignitior Brerziocs for Cotlton iChakd
Pabric, Weight 12 oz/yd2

w (kt Q !cal/cmz)

1 24
10 24
100 28
10O 25
10000 33
‘the sharp rise in Qa with bomb size ia characieristic of the effect of
the 'l‘4 rediation cooling. One can see from Figwrua 3,1, 2.2 and 3.3, the
evtent of the esharp rise is very critical {o iwuation temparature,
£, Buna Under Sumer Clothing for Cases Where the Clothing Does Nouv Igmits,
We shall consider tho caz of ordinary militsry clothing {no. «hite) where
the cloth is essentially opayne to the incident energy. Since the akin flapera~
ture can ne-ior exceed the boiling point exvep: ' o-v very extreme conditions

of neating, nes clothing will radiate both lo tiia o .iside anl 1o - kin
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aporodirately as though the tempserertures cn eech elde were OOI, i.4,, dumns
i1l te vndmpertant for zevimin clothins Levperatures telow 800°1 - acbient
tspporature will de of the exdur of OOV pnd Ui ohin bulliux leapsi.turs 3738,
Thut, o4y Smapereture co-Tection for r ~raldisticn ovoine Lloth will be of tha
order of (3‘73/800)43 LA a correotion of 8% is not warrantad by ‘he acruracy
»f other physicsl parsmeters, Radistocn tu the ui.: during the hasaiing cycle
can be ignorad due t¢ the large temperature grndient in the material. Ths
ccoling cycie iz slow, however, and the tarivirature mey ve conaidered equalisged
tarvugh the material, Thus, radiation {rom both sides is allowed, Hemce, the

clothing heating equation under a square pulum s the aame s 7g. J-F with

61 = 1 - 62) :.\ve-,

3.1 P e (m€) 8- (-6, (TRLT) ostat,

The reader will note that the To4 *erm is included not as a correcticn to the
radiant term but to fix the zero point for the clothing heat capacity term en
the left.

Twing the cosling cycle, the equation beconmes

3.5 e 2-2 (l-ﬁl)m(v"- .-o‘;

with T=T att = to, vhere Tm is the maxirum clothiry tenvsrature, reached at
the end of the themal pulse, Por the purposas of this caiculation, we can sei
TO = 0 and solve the squation with a new indapwadent variabim ¢ = ¢ - *o ruch

that ¢! = 0 and 7 = T_ &t the snd of the thermal pulse.

‘m
Thus,
o . "
/oc :.Z- —2(i~ (_l>‘;-T
3
b oxr
-3 .
23770 22(-€,) oy . 3T,
/Oﬁ
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<, T‘ - Tm
o ir%yin€ *
73 ._’;.EL T
Ncr, the :horzal irput fo the skin s
49 . (.‘-E-!)E!V\T_'_'_.
it 3
wherse 6‘ = enlaaivity of the «in. Thue,
3.7 49 o (€06 A T

a2 [+4 Ufadart]%
Since the tere 2/3 (1= fg)loco\ will »s of the srder of 0.1 io 0.2 aec"l, the
cooling cycle is relatively slow.

To shcy how a typical burm-undereciothing calculation g.::, let us consider
a sl bosb with 0 = 2) cal/em®, de shall sake the same khaki material as we
vaed in tho previous ex~mple, Thus,

o= 12 oz/ydn = 40 x 1072 gr,/cm2

pe - 6y 1D

and 1-62-:-\55

3ince the febric heate guickly, the rediadon correction is negligible and

(ATl - €)= B e
Thus, AT = 13/16210°° = 812°C, and since the basic aublent temperature is 300°%
T - 1112°K.
£180, the total heat input into the gkin 45 1/2 the stored energy in the fabrio
or 6.5 cal,
Now, from M, %,7 one has

Qe WpcET, (1+3 ’/‘oe )m'r,: t)y'. ‘e

whedce C.L(M‘.Z.)’
9,.:6'"7 -/
t- %‘.L:_L! i("Tm
,OC
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to t = 1.72 seconds,
Thue, the depth of burm wi'l be tre sare ea that from a weapon of about

40 XT on the bare skin. Referring to our previous cal-sulations, the depth of

bura i8 .""- ]
Cf = 1,15 mn
- For 1 KT and 20 eal/cma, the depth of buim would have been, for bure skin, \
\f = 1,45 ma |
Thus, the clc''ing offers little protection and this is in accordance with ex-
perimental observations (see Ref. 5).
At iower values of Qc’ the burn depth with and without clothing is very
pearly the same, Thus, summer clothing offers little better protection than
It is clear from the above discussion thet a knowledge of ignition tem-
po.otures is essential to a complete treatment of the c¢lething problem., Further,
the ignition temperature of . given material will depend on moisture content
(or relative *nr-idity if the materia’ has been in a fixed environmeni). Thus,

a cerplete discussioa of the clothing problem canno! be pnade until ignition

temperaiures are avuilablo,




Secticn 4, Clinical Aepects of Burn Injury; Iacapacitstion Timen; necair Times;

Prognesis
It is generaily conceded that burn ipjurdies will play a major role in
stomic warfare. The clinical aspect. of burn injury ore, however, ersy for
the layman %o understand and counsequenily the urrn m—oblem can easily be out-
lined for operaticnal personnel of he services., Yoreover, the underatanding

of this problem is useful snd importany to operatisnal commands,

Burns are usually classified as 1% degrae, ?_nd degree and 3rd degree.

These classifications are, however, related to actual devth of injury in a
general way only. Thus, the first degree burn is eatirely euperficial with
injury confined to the epidermis which is about .1 mm thick. Clinically an
or@inary sunburn would be ~lassified as first degree.

The second degree burn is one in which tissue necrosis exterda throngh
the epldermis intc the aarmis, &Since the dermis is, on the average, about
2 mm thick as againet an epidermal thickness of 0.1 mm, the classification of
20 is a lcose one., For example, in Secticn 2, we have defined a 2° pum
statistically as one which e lerds tlough half the dermis. Clinically such
g burn nsuglly euresrs as a mottled red moist surface with or without biisters,
The 2° burn area is painful and wensitive to air, This clinicai appraisal of
secnd degree ourns, howsver, is not & goc! wiasure ~f burn d.pth. Tt has
been usefuw. in medicsl diaomosin be~suse most of the patients seen clinically
receive 2° burns in the same way. Thus, the 2° accidental burn is usually
aauned by short exposure to flash heat cr (o hot liquids and coneequent'y
therc i some correlation batwuen surlace appesrance of the burn and actval
depth,

The thiy. degree bLurns eeen clinically, on t ,» . 1v= band, ave generally

ctused by us 20t exposure to flame or to very hot ctlects. The skin iv dry

B4
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and pearly white in appeararce, or charred, and the bwn area ir not very
painful or remsitive, The deptl o turn extends *Micngh the derais into the
fatty layer below, or even through the fai to the muecle, Since the entire
akrin tissue 1o losi, grafting is regquired for proper healing of a ','c bdume.
Eiectrical burms are almost invariably 5rd degree, but these burns should be
considered separately since the herting phenomenon is quite different from
any other typv of urn.

The importaut thing to notice here is tnat clinical burn observaticna
deal with the usuml everyday z:~ident. Flash burms of the duration associ :ted
with atomic weapons are seen rarely if aever and conseguently the estimates of
burn severity by surface appearance will not hold, in general, for atomic
flash burns. Third degree burns from flaming clcthing ignited by the thermal
Tield of en atomic weaprn and other indirect fiame turns will provably corre
late with clinical sxperience,

Pinally, as we have meen in Section 1, (see Tablo 8) direct thermel burns
from atomic wespons will be, in general, deep dermal burns. Third degree
burns of this type will be rare and prcbably will be associated with fataliiy
either fiom the burn or from associated blast and muclear injury,

1. Incapacitation from Bwmne.

Incapacitation frem thzrmal injury osccurs from thrwe general causes or a
combination of these causes:

1. Severe burms to critical areas such as the face, hands and legs,

2. General area hwurms which result in early hypovoiemic shock,

3. Lete incapacita*ion from local ur systerin infectinn,

In discusaing the time to complste incapacitation, we are limited to

viinfual axpevionce, plus mathematical estimates of e .ime to hrpovolemic



shock versus depth and area of bturn as given in Sectiorn 2, We ghail use the

2linical eavimates of Colonel Vogel, Chief Surgic:.: Tesearch Tean, Erooke army

Medical Center plus soms genreral considerztions given in Ref. 9.

AT

Pirat, the time to hypovo. «mic eh-ck ac calculated in Section 2 may be
considered as reasonubtly realistic, For example, referrirg to page 20 of
Ref. 9, an intravenous cannula is used for fluid administration to all persouns fﬂ;'
with 20% or more general body avea burn. According io Tsblo 1, Section 2, ,
,r this correenonds to shock in 17 hours for the median 2° burn and shocik i 12
hours for the very deep dermal ivrm, 1ha, the calculations predict that
fluil administration af thic burn level is essentisl and thia pradiction
ccrrelaten with rlinical e«perience. Again, for example, a patient can sur-
vive without shock for 17 hours with a 10% full .thiclmesa cwn according to
the calculaions of Section 2. Thie means that orail fluids would bridge the
gap witiout difficul v unless nausoa is a problem, Thus, *ha calculations
of Section 2 are ressc:u-ble as compa s to ciinical experience, Horeover,
ih. "aloulation shows th. extrene seriousness of (ke 50% wedia. 2° turn
which would result in ahock in & hours without fluid therapy.

Under discster conditiors, intravenmous therapy would not Le practical for
aany patients. Thus, the cour=e of the burn traums in uatreated versonnel
will be 2 serious problem fac ng both medical and operational staffs of mili~
tary units and installations. Proper therayy for the criiicailv Nurned per-

son calls for intravenocus cdminlstration of 1.5 cc's vlectrolytic solutica and

4

0.50 oo colleid solution per kg body weight por % body area burned during ths -
first 24 hours, During ihis same time period, 1300 ¢c isotoric dextrun #0lum
tlon is giwn to cover inmenziblie losses {perspirz’iom, breath, urine, ferve),

(ne hail of -re abovs figure is given during t® 5¢.onc twenty=four hours,
86
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This rule of therapy holde "1p $o 50% srea burns, above which alditivvel fluids

are generslly not recommended slithcugn the physicisn may, by choice, chouse to

give more,
Trus, under disaster corn‘iticns, most patients in nued of Intruvenous
therapy will remain untreated except for administration of oral fluids. An

oral solution of 3 to 4 grems sait (1/2 teaspoonful) plus 1.5 to 2,0 grems

sodium bicarbenate (1/2 teaspconful) ver quart of weter is surprisingly effec-

tive if the patient can tolerate the solution without vomitiaz. Nausea and
vomiting will probably be the rule rather than *he excsption under condit.:us
of atomic disaster, however, Thus, the medice® ud copme~d sigtl will have a
large pumber of essentially untreated persons on hand who msy be expected to
& inte shock, The cersbrel anoxia prior to shock results in restlessnens
often followsd by mania. Alss, the untrested pereon becomes very thirsily
and, i water is consumed in large amounts, water intoxication (excesuive
alteration of the normal bloed plasma ion concentration) occurs resuitirng in
w4 the same sywptomology. The burn disagter problem ia thus a probleam frr
both medical and operatioral commands, It could have a disastrous sffect on

general moraie, and consequently cia miat decide in advance which untreated

pabismés shonid ha Want under heavy' arcotic medation, waich shovld Yo self-
treated with orai fluids, and so forth. The sghort discussion stove ie given
to indicate the importance ¢f indoctrination of commsnd perscmel as to the

probléss to he expectsd in thermal disester. The table of Saction 2 giveo a

roigh satimata nf whan verious patiimts will be in a critical me- 1 condi-

ton end this table combined with the dspth or burn astix.tes of Section
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should provide a basis for the evalust...a of the seriousness of a given T
disaster.
Now, i‘or clinical estimates of time ito incepacitation, we vhall first con= " 7,
sider burns to the face, backe of herds and legs, ™he date gi:x: may be .

taken as reliable,

1. 2° bums to the face: edema is early and rapid {1 to 3 heurs), The { .
oyes svell shut and the mouth cammot be opened (6 hours or less). A trachsotomy
is generally neceeeary well prior to the six hour period, Thus, the acial FA
burn is quite sericus, requirss oxpert surgical attention and results in ine _—
capacitation in 3 hours cr less, -

2. Backs of hands: the akin on the backe . the lLiand» is relatively thin.
Unfortunately, there appear to be no numerical data on the sidn thickness in
this arez or in other critical areas. Howevsr, a full thiciness burn ge.crally
results in destruction cf the neuro-vascular bed and nauses immediate incapaci-
taidor, Probably if one 2stimates the burm depth requirad for this sort of
burn, one millimeter would not be unreasonable. 2° burns to the backs of the
%-~4s result in incapacitation in about one hour.

3. lege: 2" burme to sither the front or back of the legs result ia loss
cf ure in 2 to 3 hours, Since it is unlikely thc.® the legs alone will be
burned, additional area burns +ill r-sult in early <.’ of shock as given in
Ssctien 2.

For gensrel area burme, ii is estimated that a 15% body are. turr can be :
tolereted indefinitely so long ar the above critical areas are not extensivcly
involvea and a0 2 53 #» oral isotonic fiuid ic available in & re~-~mable length
of time ufter sxposure, The veychologic relation of nauees to atomic diec’ ver

is probabl; a oajor but unpradictadle factor,

&8




2. Recovery Tinme,

Any sericus burn of the type descrised above, in which the ‘ndividual
suffers incapecitation in the firet 24 hours or needs rather extensive oral
fluid therapy in ardar tc operats L1 the first 24 hours, !z a giow i.caling
affair by time standards of atomic warfare. Thus, the patient requires prophy-
lactic sdministration of penicillin in thc fivsv iive days t¢ prevent invasive
infection (septicemia) fram penicillin eensitive strains of bacteria such ao
the ,d-hmlytic streptococous strain a. Iuring the time pericd * to € days,
he is in maximum danger of local or invesive infection from penicillin res’stant
strains of stapliylococcus and from such gram negative bacterin as ihe pseudonomus,
Bven without infecilon, the hsaling tim# of a serious burn (mediux or deep dermml)
must be rockoned in weelks. Thue, from & practical atanipoint. the bum incapaci-
tabded person im "out® of ine wor. and the lesa soricusly burned potisnt may suc-

cumb to infection, The person »ith a minimal bum, svay 15% area not invoiving

critical regions, may continus to operate irdefiritely if infection is prevented.
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SKIN¥ RESPONSE TO HSATIXG

¥




FHYSICAL AND PHYSIOLOGICAL
FACTORS IN SKIN RESPONSE TO HEATING

The purpose of this Appendix is to give & brief discussion of some factors
in akin heating wvhich hsve not bew. explored adequatesy experimcnially.
Benriquec (Ref, 1) has dome a series of experiments on the crestion of
thersal burns by exposure of the uxtermal suriace of the skin to a constant
temperature water heat source. This series of experiments has been described
sarlier in the text and it has been noted that Renriques' general coxnclusions
do not hold for short periods of thermal heating, i.e., for sufficiently high
rates of heat input. One wishes to kmow in detail why tirs is so and also
whaother there is an artifact in the Benriques' data due to akin cooling 2t
low heat input rates. |

Pirst of all, it is well known that the skin does not act passively to-
vards a change in external temperature. Thus, a sudden increess in ekin tewp-
avahire induses vasodislstion and conssquent increased cooling followed by a
slower cooling veaction in the form of sweating., It is clear, of coures, that
the ability of the skin to zocl has some sort of a maximum capability liw.ted
by the actual total physical capahdlity of t_hp skin cooling mechanisis, The
totai cooling oapability may be fuither limited by the way in which the body
control mechanism desires to act, or is dcsigned tc aot,

Thus, for example, ine may take water at 52°C (our oritical tewperature)
and apply it to the leg above the Imee via a wet cloth saturaied with *»s hot
water. A fast reading thermometer under the cloth records a tesperature of
only 38°C, showing that the akin 000ling reactica 18 repid and aff'ective ever
at this high applied surface temperature, This gurticular exjcrisent is ex-

’
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tremoiy crude and gives little more indication ithan that the skir reacte

quickly »ad cools adoguately for ¢ few seoonds. w2 need gemeral and accurate
experimantal date in order tn find whether the ak:m chooses o nr can ~ratime
this cooling Taw., It seas clesr. however, that *ne skin roaction is dominated

by two genorul oosnditions:

1. The marimum physical cocling rate, and

2. Tae genaral elsvation in blood temperature which results from heating
of large areae of the skin.

The latier consideration must certainly be present in the body control ma: he
anism since a genersl elevation of blood tempsratvre by ahmt 5°c can cguse
brain injury. Thus, one would expect the body to sacrifice the skin area in
preference to accepting a high level of blood temveraturs. This, however, is
speculation,

Ir. any event, there must be some thermal lag time in the Henriques' data
and this lag time may play a role in altering ths apparent excitation energy
of 150,000 cal/mole which Hemriques measured, We cammot say, at the presemt,
whether the leg time will invzlidate Hemriques' general conclusion, It 16
possible, for example, that the cell death noted by Henriques, for very long
heating times, was not caused by inoreased temperature at all but by some
other mechanism influenced by the cooling process, It is again possidle that,
after sufficient exposure to low heat leva:s, the body coatrui mschanism
begini to trest the situation as ™normal” wnd "turns off* the atteapt *c cool,
Ons .an only speculato; bu% it ic again clear that daia are needsd to clarify
the i1itvation,

It might be remarked that application of 52°¢ vater to the ekin is painful
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and one cannot go cuch nigher without enesthasia. Tnus, oxperiments on
anesthetized animals sre indicated io estsblieh the rise in siir tempersture

versus tixe for the lov hout irpu! rates. Ths heat! input rotier which we ars

)2 .
talicing zbout here ira of the ¢i %z of 0.1 cal/ca’” £oc and is93 and henca have

l4ttle relatior to the hig. “eat input ratez from bombd pulces,

Iz comclusion, it ser.an cle-T that the - llica) uamperature critevrion
vhich we havo used applies to high heat input rates where ekin cooling effe.ts
are negligibln, It may also epply =t the low input ratez if skin cnoling is
correciyd for; or, it may bs that Henvlques' 4ieory wiil atill roid at {hese
low rate~ with a sultable correction for skin cooling; ¢-. it may pe that ~ell
death resulia from otner mechanimms & the ilow retss, Iu any svent, there is

e gup in anuwiedgs nLeie that ghould be closed,
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¥hen personnel are subjected to tae blast wave from tne dets-ation i a
riuclear weapon, they car be "njured Jire~tly by the sssociated chaupe in
hyd=catatic pressure or indirently by teing thrown against stationarv objectc
bty the wind behind the shock front or by being hit ov debris set in wmeiion by
this wind. Tn this Chapter we shull discuss the overall conditions necessary
to produce ircapacitating or more serious irjuries tc personnsl exposed to the
blas\ wave from a nuclear exploecion,

It i3 our faeling that the dominant type o “laat injury ic thet which
results from the motion of personne!l brought about by the applied wind load.
Thus, Section 1. of this Chapter is devoted to a discussion of this problem.
I Section 2., the direct blest injury problem is discussed,

Secticn i. Translution Injury.

We shall discuss first the impact conditions necessary for serious tc fatal
iwg'ty. Unfortunately, this part of the protlem does not yield to analyti:
techniquer 8o that we must define critical impact conditions from a limited

(1

amount of ermorimental data, Delaven ) has carried out a series oi experiments
wherein cadavers were dropped heaw first on metal 2!-tss. These experiments
showed that skull fracture occurred wnen the impact cpeed exceeded 13,5 ft/ sec,
Tmfortunately, ali the data is for impact cpeeds in oxzess or 3.5 f+/eec so

trat w» ctanot say that skull fracture does not occwr st impsct gpeeds ‘ess

than 13,5 ft/sec. For the cpinal column, White(l) deduces from ihe data by Ruff

that an impact 2peed of & ft/1ec is sufficient to rraduce fracture when i pact

occurs in the sittiing pesition., Op the hasig of I ~¥Hswr i'n and Russ' data,
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Whive suggests that 10 ft/‘sec is the critical impact speed for mericvus injury

to jurscinzl for impscis egaingt hard surfaeces, It seems self ~evidant that
orient~tion at impact will play an important role $n the crit:c.a for injury
resulting from impact with . ~id objsuts; however, data on this subject are
pot availsblas. Accordingly, we shall use Whitw's critical impact epeed of
12 ft/sec as :he irpact speed aga’n3t very hard surfaces in any orieatation
whici is necessary tc produce serious to fatsl injury, It is expected that
higher iumact rpeeds will te necessary to produce serious injury egainst
softer surfaces, such &s grownd, welle, et~. On the aversgs, an iepact speed
of 20 ft/sec would seem more reasonable,

We shril aow conslder tre quali*ative features of ‘ranslation motior in
terms of envir-mmental conditions, For personnel in the open (except in city
strests). it .ppears thet impact with rigid objects cther than iae ground is

very unliteiy since the total displacement, even for very lilgh speed winds, is

relatively suall unless . ve is a lifting fowce from the blast wave. Trom
cora work Ly Taborelli, =+ ¢ (&) i*h dumnzes in the 1957 Nevada %... Series,
the totil displacemunt for a atanding anthropomeiric dummy was approximately
260 {sst wher ths peak dynamic pressure was 15.4 psi. The dumay in tkis case
was not mnly exposed to an excepiivnally hizh dysamic pres re but he was alse
suspendsd trom the hLiad and this mode of suspen ion gave ths dumey &: initial
1ifting force. At lower dynamic pressures, i.s., 0.7 psl, @ven with head sus-
pension, the displacemen’ wus only 20 feet. Later cn we shall show that if no
112ting rornes ers prerant. the pan will hii the ground after .. ceutser of

mogs has traveled adout 5 fect. Thus, the problem of collision with ohc.acleo

I".‘::J




cannot be a great one for personnal in the open.

It appears therefore that injury to pereourel in the open will occur ¢nly
if the vertical impact spsed is ir exzcess of the critical impeci spead dis~
cuseed sariier,

For perscnnel in structures of varinus s~r 9, the situation is quite
different. Jere impact with rigid ot jects such as walls, doors, colurns, et:,
is important. In this case, however, we shall be concerned with motion over
short distances.

The motion of persomnel exposed to the blast wave may he aivided into

thrwe ravrtr: a hariznnial motion, vhich depends on drag, a vertical motion

which depends on gravity and to a smell sxtent, perhaps, on lift forces, and

a rotational metion, Since rotational speed can contribute to the impact speea
of parts of the body, we shall %e concerned with the vertical and rotational
motion of personnel in the open and the horlzontal and rotational motion for
persomnel in structures,

Thua, we chall be intemsted in how far the man is trenslated before he
hits the ground, the horizomtal epeed he attains at any given distance up
until the time he hits the ground aud how hard he sirikes the grocund o floor.
For a clean tlast wave, one may mers a reasonable analycix putting in the nor-
mal and frictionsl forces on the feet. For precursor waves, there is considsx~
able evidewce tnat the centor of pressure is inicially rather .ow ana that the
man will te lifted initially and thus will be subject only to aerodynamis forces.
This lirting effect will prcbably be present only for personnel .. the open and
not for personnsl in buildings., Thue, we wish to ccnsider two geneial ra' asj
in the firut care the forces on the Teet of th» « ~md'sg mun will play & major

role, in tn: vecond cabe the man will be e:bjec: to aeradynanic Ic.. .3 unly.
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1. Translationsl and Retational Injury tc Standing Perscnsel for & Clean Blast
Wave.

It wus pentioned in the introduciion that serodynamic torgus vifys no
appreciable role in the motion of ~epsomnel subjectsd to dlast wuves, Wo
wish %o copsider the experim. ‘al evidence for this conclusion and show ithat
rotation ie induced by initiel fri~tiomal for-~> nnly, We 3nall tnen calcu-
late the motion of a ctanding man end coneider rotaticn induced by frictional
forces.,

Displacement experimentis with anthropomeiric dummies have been carried
out in & bowd field test, (mly one experiment ¢~ taims o =ufi{icien+ amouat of
information for analysia, 7o this experiment, both & prone and standing 165
pound dwmmy were subjected to the wind loeding from a nuclear explosior where-
in the peak dynamic pressure was .7 psi. The prore dummy was not moved whily
the standing dummy war displacei 21.9 foot aud attained & mardium speed of
21.4 ft/sec, It should be noted that the dumny contacted the ground in a little
more ‘han 13 feet and 31id the remaining distance, During thie motion, the
cunyy rotated feet first through ev argle of apyroximately 120° in such a way
that its head hit the groumc firat, The experimental situation for the standing
dumcy differed significantly from that for a standing man in the cane situation
ic that the duwamy was mupporied by *ce head with a noglisible load on its feet,
whereas for a etanding man, thw watire lomd is supportod on hie feet., We will
show that he rotaticn of the dummy involves no asrodyvamic to.que and that
the motion in this cese is expiainad by the frictiorsl retarding force on the
dupey's head during tivm initial stagee of metion, For the star: . : man, the
friotionai retarding force will be on his feet 80 that he will rotate nes

firet,




In the experiment meniioned above, a 160 pound anthropomeiric Gumry was sue-
pended b~ the head wiih only a slight lnad (les~ *han 6 pounds; on his feet aad “‘h
then subjectsd to the wina from a nuclear exploasicn. Figure ) chows a plot of
the rotation of ihe dummy v:rsms iime, {he voint F ¢n the graph coirespording
approximately to the time at which the dummy's head wes released. FMrom about

t = ,15 sec on 8 varies almost linearly with time so that

.’:‘_9.. = constant
dt

do.,

dt*

T™us, for t 2 .15 soc, the dummy is subjected o no torgus. The initial motion
of the dumyy can be accounted for by torque due to the head support. IZ P is
the frictional retarding force or ine head, then neglecting asrodynamic torque,

w2 lave

1 3 L.
Ii“g’ F,l.s.;.‘e} when 0848 a

L ] 6z 80
vhere £ is the distance froa the center of gravity of the body to the point of
attachment on the head suppori, ard & is the angle between a line through the

head and feet of the body when it is er~rt and vertical t¢ the srouad. Now,

»

let - ‘.,
wa 99 »
dt




. : gL o, . v ==t
33 A ; s At BE351 ER e 2 = E. T
£ : Fea 7 T R T 85§50 62 TR TN T Fri 133 T : T ...n%l.
PN R o iy + by : s AR AT R (P (Yl 12 HE
AR E i d - i 5 4
1L 1 s m

8 .
DY SRR SR e s s ey Rt ey B 530 53 e 20 ok e ait 2 Y A I e %35 I N TE: K RSy S S
bl vl - ——ta > — . - -~ o -l o e - T &3 - - e - - -— - - - - - - J
h1GEHS N
s
=
AT = T T = e s e bl
bia = > s o ey -
L o vae - ks pags wsges =X IS 13 LS T I i e ..'Lﬂ S
o e N AT o ? 3 X % I, £ -
1S £33 Pl i 3 y < B t -5
538 X5 e i ot 5 o e Y
s 157 -7 rs ... -1 2 ¥ £ 2
¥ H 4.
T Y TRy + $ 137 ¥ iy
> e e S SXH bt
s e o s 2w ies I
fae =2 133 = $er g e vl
b 5 spesLSILIIIIIENIANI (5. P 2T
133 S i A 8 TR =0 o0 o
. Eow ¥ . 4= 9 N\ A - - I qrﬂ M -
K it
Ej =2 i I o
4 : ' 4 .

@ o 2 8 &2 8 & 3 e

s SIS WSS ¢ TRALANE
PIOBE TN OLME®




Thus, 1 "to
_%. w* 8+EfL an O+ C,
[&X]

vhen t =0, 8 =0 eand @ = 0, g0 that

¥ w(t) GRS é]

1

. c -
Now, wnen t = O, §=0, 50 that & 0 /2 + 1. “hus, for v < .15 ses, O

f

depends on the time according to
s WL
b4

- . 1<y
_@'w:-smo_ lﬁ “}e
[+ Sin &
If we assume that the man has the e:me moment of inertia as a - {ght cdreulax

cylinder of radius .79 ft and length & ft, then we can satisfy this equation
at t = .15 soc and O = 15° by taking £ = .9 wheve f is the coefficient of
moving friction betwean th dvmmy'r nead attachment and the folding frame The
resulting curve is shown piotted in Mgure 1 along with the sxperimental susve,
The agreement is good. The point here ia that the data are satisfied with
reasoniadle assumptions concerning the mc=~’ of inertia of the =an and the in-
itial fricticnal retarding forces. Thus, as we said earlier, the rotaticanal
motion of the dusmy can be erplained on the dasis of v¢ asrodynamic torous.

¥o can thersfore c.unclude that the rotational apeed of a standing aan who is
subjected tu & high speed wind will bo determinud by tre initisl Sricticnal
retarding forces on hic fest ond that this speed will de indenandant of the

wind spewd .

|
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Yo turn now ic the thecrcticzl caleulation of translation end votation of

a man uider 4pplied wind forces end retarding frictional forcet.

le* us consider first the spe.! with which the mar's head sirikes the floor

or the ground. {ince the center of pressurs of ths man will ceincide roughly

vith his cenier of mees, the rotationcl torque avout the center of mane is

supplied hy the ground forcea alone. Thus, let

mass

oX = angle between the body axis end the vertical

m = mass of the man
£ = height uf the man
I = moment of inertia of the human body rocut the center of

X - normal force on the fest (exerted by the ground on the

Teet)

IR = frictioral force exerted by the grouwnd on the feel,

where f is the coefficlient of friction.

First we note that if ths injtial drvamic pressure is above 0.2 psi (suddenly

opplied) and if £ 0,8, the mar vill slide on his feet as he rotates, 1Tnus, in

any important case, we may consider the man %o be sliding. Referring to the

figure below, howsver, we have for

Man Rotatiax snc .)iding Under ‘(inu frvces
a

»

ol

i -

| 5" man at argio m
NI
- {N

rotation about the center of mass

(1) I."—N}:s,a.m.“‘ﬁé ‘pp OA
. 2
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and for vertical motion of the center of msee
(2) m{} a m?+ v
e right hand side of (i), however, is N.£/2 Einot + f cos M} and ths lactar
in brackets varies from a vi'lue of ¢ 2t ok= 0 tw L+2/f2 at oi= 1/4 to 1 at
o~ Ti/2. Thus, one may, for sufficient accuracy, raplace ths right hand aide
by the average value of sin o+ { cos o, Tris averags value is

i-%j%(&'*’;“‘“) dox e ?,r' l:nf]
or for £ ~ 0.8

A= 1.14

Thus, one has, £o good approximation,
&= 1.14 124—-
and my = - mg + K or N = of + mg. Substituting the valve of N from the mecond

equation in the first, ore has successively

Ixke 'Illm‘. ‘7 ’]
)

(3 X s L) '
} Ié& I./U.,ié["v’
ad
! - i L,..K L Ml‘
4) Tacm ik [yo foget] o0 ol

sinoe at t = 0, u J = 0 and y = 4/2,
Thus, setting I = nlz,~‘12, (3) and (4) owcowe, seapsctively

) - [491]
anu
(6) o, - ‘j" :\ie 'Af:fl]— vz

Fov, the man's heal strikst vhen == T2 and y =+ 0, Thir vields 2 u 0,05
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seconds for the averagw man (i.e., L= gm), -;‘;a :

Since, however, y =2/2 coaot , § i = £/? sinex X = -4 2 at x=T/2, ,\.

The spesd witn which the liaed hits is, thierefors,

v"-é.éu»’::-..&k y
Thas, from (5),£0% = 24,5 “*/sec = vg*
In othar words, the man strires with svi: ~ient speed to cause serious in- N

hay er death.

2. Translation Undsr Wind Porcas aid Prictional Ferces; Derivaction ol the
Corrections to the Head Spsea fc.: dotarion and Frictivaal Bifects. o
Having considered the prcblem of the speed vith whi~h he man hits the

ground, we must naxt connider his net :ranslational speea at time prior to
hitting the ground or floor. The tranuslatlional speed of his hecd will be made
up of the speed acquared oy his center of mass under wind forces plus ths rota-
tional coaporeit teaswmnt to the ground, For complete discussion of this probe
iea, we neva X, °"-, and & oas functiona of tima ¢, Thess Juntitiea, as e
calculated from the foregoing equation. sre rl.own in Table 1, The nrorisotal )
eud speed v wd/2 3¢ con %, due i~ rotation alone, is also needed. Thiw is | .
also shown in Table 1. We note :hat the head speed £/2 ok cos o, dus to
ro-ation alore, reaches values aa .igh as 8 ft/pec at sarly times.

Table I

Values of the Trinslation Paraseters, o<, o, N'ng art £/2 cos ox -

v t {ogc) X {rad/esc) Nag £/2 cacoe ot (L8/g0¢"
Q 0 - 3.000 0
219 745
o 8,01
urs 7.62
. e
%
>

g 2454

%.95
nY 1.98

.26 r

.
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™
N
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Aunother gquaatity of intercst is the reduction in forward spesd due to frio-
tional forces, This reduotion in speed is \ -gf!l/ng dt, with N/mg -

/2 66: -
C .f( r 3023‘;13 o glven in the table below. Values of v o AT® shown 4in Tatle 2.
vable 2
Speed fwuuction Due to Friction aa
a Punction of Time
t (sec) ¥, {rt/sec)
0 (o}
01 "1.6
02 "'201
‘3 ‘-214
l4 -2.7
.5 -302

Now, we wish to consider the equation of woiion for translation alone under

the applied wind force and the retarding frictional force. This equation turna

out to be

e PN -2\ IE - o/t - 2_ ewnft)
n mee 4 ¢ ( v,)Jf w ( 5‘.) Fule
where m = mees of the man

A = mean presented area
cd = drag coeffinient

(° = density of air at point (x.t)

u = wind emeed behind shank at point {x,t)

x = man's displacement fron his position at the time
of shock arrival.

Equation (7) will be derived later (3., Pure Translational Notion Under a
Blast Wave) where it will be seen that, dus to motion of the shock frunmt
relative to the grownd, (¢ - x/U ) and u(t - x/U ) appear 10 wir exact
equation rather than /o(t) and u(t), Tt will alsc ba shown *hat use of ,—(t)
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and u(t) rather than o(t - x/U_ ) and u(t - x/0 ) results in reglizitle error.
fure owr purpose ie Lo consider the solution of {/} Zor very short distances of
translation and also to consider the wuy in which velocity increase dus to
rotation and decrease due t» firictinn may be corrected.

Now, as a firat case, let us consider the spocific vroblems of personnel

whe are subject to blast translation in rooms of buildings or in city sireets,
3inve the individusl involved either will hit tbs floor or pravement at critice?
speed in about 1/2 second or strike an obstacle prior to hitting the floor or
pavement, we are interestec in his motion over a very shori veriod of time.
A8 wo shall see, the time period of interest ia eenerally 1/4 second or less.
Thus, for almost any size of bomb, und certainly any bomb size which might be
used againat populated areas, the time perivd of iunterest is very short com-
parod to the blast wave duration. Hence in Eq. (7) we shall have u >>dx/dt
and v ““‘o’ i ,o' over the period of interedt, where u is the peak wind
gpeed and 2u i the peak dansity behind shiock. 7

{'nder these circumstances, one has

R

2 4
(8) ﬂt# = ,,O”ACA.«o - ’OMACJ

&

-

vhere q = pedk dynamic pressure, Yor caiculation purposes we take
ng = ¥ = 154 pounds
Ax 4 0t?
and Cd a1
Integrating {8), one has

(9) md.d;!. - m Ayt
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?
1
(]0) mx -’7rnACd 2

Ve set dx/dt = 20 ft/eec, ine critical speed, in (9) and calculvie t. Ve
then calcwlate ; from (10), This . eads to the folicwiag teblz, f¢r ine case - N
of clean shecks. "
qable 3 : ‘
Time &gd}_&ist&nce _Required to }_’.eac}a §he Critical
Speea ol ¢ ftseec for Variouws Hhock Qverpredsures \\

Overpreseure t

S x|
) {psd) [0}

Y] 17 .0098 L97

0 8.2 .502 210

10 2.2 0754 .681
5 -60 -278 2077
4 37 .449 4.48
3 .20 834 8.34

Inspection of Table 3 shows that 5 psi nverpressure or more is a good
crite.icn for death or serious injury from translat:onal injury for personnel
in buildirgs. The reason ior this is that, using Tables 1 and 2 and including
*ath the head speed due to rotation and the retarding speed due to fricticn,

a man struck by the 5 pei wave will reach the eriticai speed in 0.2 seconds

in a distanc® of 5 feet, Thuse, all personnel at greater distances than 3 fest
fiom a wall either have cri.icsl =poid upen impact Zt% s wall or hit the tioor
at critical speed. At 4 psi., on the cther hand, peruonnel cannot reach critical
speed either by hitting the wall or the floor urleas they are :pout = fest from
the wall, (ne must remember thet the head moves about 2.7 teet more taar *he
centar of gravity in the ccitical instance where the head hits e wall and
fioor st the same time, Right feet is a vathesr large average distarnce of wotinn
for ths ordinary room, Thus, one caa set © psi « n reasc adie overvreasur~

for seilouw: ‘njury or death for personnel - v g
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VPor psracmnel in city streets, hovever, the hardness of the pavement and
vertical obstacles and the relatively large average distances of frve trane-
lation indicate selection »T a lower overpressurs, 3Jince the ¢ritical over-
preasvye to just csuse sliding wnC~r frictional forces is 3.0 ysi ora 9, of
0.2, it scems reasonable tc ..{ this overpressure as the critical one for
porsonnel in city atreets. It mar bde argued. - course, that people will be
knocked to the psvement, without sli‘ing, at lower overpressures with sufficient
gpeed for serious injury. The queetion of reaction time of the individual comes
into play, however, and one must judge whether he can use his hands to cushicn
the fall, Three psi seems the best choice,

3. Pure Transia*ional Motion Under a Blast ¥ave.

Pinally we wish to discuss the translational problem under the assmption
that the man is lifted by the blast wave initially and there is, consequently,
negligible interactic. with th) ground prior to the time that he hits. We have
Juat coen, from unalysis of the dummy sxperiment, thut rotational effects do nmot
play a significant roie unless there it interaction with the ground or with a
hiead support. The probler will then be one of pure translation except, perhaps,
for a small rotational speed induced at the start of the motion.

It should be noted that the quantity of interest messured in field teests is
the dynamic pressure, or ¥ /ovz. 2 snd v are not measu~sd independently and it
is difficult to do so. If the shock is clean, however, /° a2 v mar be inferred
independently on theoretical grounds. In the wasc of a precurecr, the infevence
is difricult, In any ovent, the theory requires an'indcpmdant kncwledge of r°
and v for a precise molutiorn., In Appendix A it is shown that *.» wind epeald be-
hiud ehock varies to a very geod approximation as v = u, €'t/t+ (1- t.,’.‘).

As for {4~ variation of ,a behind shock, 1t ia _fficilen. to use the averege
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vglualii since se sust assume average valuss for presented urea end for draz
coefficient.

We will phrase the problem exactly in the mseuse that the 1wotion of the shock
front reiative to the ground and the motion of the translated cbject relative to
the wind will be writtemn d. -~ exactly, using only an assusption of constant mean
mesented arce of the object and constant dza» coefficiert.

Lat x be a coordinate fixed relative to the ground and let the shock travel
out the positive x-axis. Ve shall Zet the shock dbe x = C at time t = 0, let
x' he a second coordinate fixed with respect to the shock fiont so0 that x* = 0O
at thc shock front and x' < O inaide the shock.

Now, the value of q behind the shock is measured in the field as a funciion
of time at a fixed ground atation, From this value of q, the wind speed is in-
forred. Thus, the measurement gives the wind speed u(t), vhere u(t) = u at
t=0,anduoiathouximmvindapoodjustbehindahock. It is clear from
this that the wind spo~d at distance x* behind shock is uo(lx'l/uo) or n(-x'/uo)
(since x', as we have defined it, 18 n-gative in the shock}, where U is the
=u3ck spo_od._,rqhtiv‘a to the ground.

Thus, noting that

n & mass of ‘he translated objest
A & pean ares of the translated objaot
L sir denuity behind shock

the motion of the object in 4L: x' gysten is

t % . 1 ] 2
(11) mEs = fpAcy[ 3 + (- ()]
where u(s) - U, is the moticn of the air bohind sheck iz the coordimate - satea
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{ized with reopect to the shock front. The direction of u{t) - U, 18 along the

negative r«axis, as is the direction of dx'/¢t, In this cooriimate system, the

value of dx'/dt, as the oblwct enters the shock front, is "Uo'

To write down this seme equati »u in the syster fived relztive to tre

ground, we note from the {iz.» below

1-(},1‘*1'

f ! -
dY w {f4ax

dt ° b gt it

Thus, ve find, in the coordinate systsm fixed with respect *o the ground

. (12) md-; /,o(t "\ACJ i’—"-“( U-“}]x

It other worda, the effect of motion of the shock front is to replace u(t)

* oy u(t - x/Uo). If any frictional retarding forcis ¥, are present then Ty

vill be added ia the right hand side of (12). The initial condition on (i2)

is, of murse, dx/dt = O at t = O,

i ' A= ve mentioned defore, if ir ufficlently accu.a’e to replace ,o(t - x/Uo)

by /5 + the aveinge value bhehind shock. The questiwn arimes, however, as to
withoui signifierav lors of accuracy

vhather ult ~ x/Uo) sy be replaced by u(t)

A simple urgument shows that thiu can be Gone.

(ue notes that, to the first order,

l-goo )k f(om
gl U.../ax)} A
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° Bui, *o a firet approximetion for clean shock ., : A+ reases sxponentislly. ?.e,

1




-tA
..u.(t)"—'-ouoé ¢

-t
gt =S €
at

Thun,
(13) - e~5.)~“('c)(,+ULt_)

(3 o+
Fov, let us consider (13) for the case of iranslation of a wen. The critical
speed for injury is low eo ihat, to the accuracy needed in estimating the
correction term x/Uot+, we may neglect *he effect of dx/dt in (12), Thus,

apyroximtoly

"y
d'* : 3 aas
meE = PG4 € T

and integrating sne has, successively

mr _:aACd4s°lt, {, - ézt/t,}
4

-]

But, v lias reachsd its maximum, for all practical purposes at t = t+. There-

mr = '°"CJ“:L’. [t’%
# -

fors

t
x s
Tmon” Vmag T

Hence, the maximm value of the correctica term in (13) 1s

Zmeg 2 Vi
Uz, m‘

Since v ie only 20 2t/re2 tor critical injury, v /Z‘Jo < .wuj ovea for a
ehock traveling at sonic speed. Thus, one may ‘gacrc the correction x,":.o to

the tim %. The ocorrection temm is, in fact, . "r.ly wdssortant ewsn for
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aiysiles,

Pinally, tterefore, in considerinz the free trunslation ¢¥ men and wmissiles,

wa chali set

B l . - ‘1
(14) "’%;"vl{fAc-’l%-'“(t)J

whers dx/dt onters row only as a correction to the wind gpesd behiud slock and

there i no time delay involved in the evaluation of uft).

%ow wa wish to consider the soluticn of (24) for the free translaticn of

wen and miseiles. It is sypected that u{t), ke applied wvird lcad will vory

with time in such a way that (:4) wil:i not be directly intagTabls; hence we

need an approximate techniqus, It tumns out vaat if ult) is

inteerable, Thus, we shall approximate u(t) by a sequence of linear strins of
the form u(t) = uo(b ~aT), whera T= t/t+. t, = durstion of the positive phase,
and u = peak vind sneed. For each portion of the positive phase we shall use
properly selected values of a, b; i.e., a and bi' At the present, however,

we shall carry through the integration for general values of a snd b and then

oasider a specific cass.

Fov, setting u(t) = uo(b -aY) in (14), and letting = u - dx/dt =

1~ 1/t dx/27T , we have
90 - L I

dT e gt !
Thue, (14) teccmes
(15) d A cl‘._‘.t_ t - -a
C:'$ : 2w ? * ’

with @{0) = ub, Thie integretes to
’ 9

Y- aw x...;’{/-' AR \
/{e’ C.;’/":'“ar W Tea 4, /

+*

iC3

{
!
|
I

inear, (14) is

g




~ . N ““ - *
H s e,
) T .
.
‘ [ @
whare c° is & cooetant of intagratior. IZ we =met "
D= ﬁACJ“cto /.S
2w ‘Sh."
e
; ~ / ‘ ,;.—;
(16) Trl 3 e ) :
/D /ya -y /
Solving for P and sotting @ - u -~ 1,/1:‘ dz/dY , one bas after a second
integration
Y ‘ rd i — kr
(17) E_ = bVea l -1 209}::05 /.Da. (CC-T)I +C )
Ry ) 4 /
A
vhere C, 18 a second comstant of integration, The formulas {16) and (17) may
be used for the suocessive integration of (14) when u(t) is spprorimated
pece-wise by linsar stripe. o
As an emauplie of the iniegrution of (14), we take the csse of s clesn N
shock vhere u = uo(l - t/'t*)é't/*#. Ve approximate u by cen isce-wise
linssr strips of tha form '
wlr)eu, (b-a¥) AL sYs L IS4 «
el . e ‘o -
™e proper ralues of 8 and bi are given in the table bdelow.
Table 4 v
4 'y :,
1 1.86 3.0C -
2 1.59 LTIR &
hed 1,36 LR
4 1,17 8700 ‘
5 .90 . TR0
[ 930 L7180 =
7 Jno LE4ED
e SR L56%
9 491 « 4824,
10 47 407
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Squations (16) and (17) are applied pisce-wise to the approximation for
u(T) to obtain P(t) and x(%). dx/dt is thom cbiained frem ' and plotted
against 1 for various valuas of D. Tha resulis a™ shown in Rgures 2, 3, 4
and 5.

As we have noted Lelore, free displucemeni is pronebly rot sn important
conaideration with personnel. Uilesms one a:~ r.3 an initaal lifting force to
the blast wave, the standing man rolites under frictional forces and hita tie
gond after treveling 5 feet, These free displacement curves are, bnwaver,
usetul for computing missiie speeds and then will be useful for coaputation
of displacement of persomnel if it should happen that lei-: analysis or
weapon blast fields shows a 1ifting force with precurser type waves, The
missile prodblem will be considered in more detail ir. the later stages of the
"eavirommental®™ contract., As of now, the missile problem appears to hLave
little importsnce erc.pt, perhupe, for cases of personrel confined in rooms.

o illustrate the ure of the curves we shsll take an exaxple from The
Dewood Rtport(s). ¥e take the example (Page 25) of tho steel spherical
xisxile expoeed to 0.6 pei dynami: -~ verpreseure. ERere the drwg coefficient
is rather well known. It is sbout 0.4. The other parmmetsrs are
q, = 0.6 ps.

u = 247 ./ sec
v w .13\ grams
e 09 #eE

2 r2 = 1 16"

Lalr
This yislds D« 2.3. Rcferriag to Plgure 4, we 7ind (dx/at)m <~ -
67 ft/sec. The report gives ar svernes velocity of 70 £¢/sec for 5 sk
xissiles., Since the meamuod rpesd can de a8 | Y€ of the mxirm
spwel, lis reatest valin of the asasured rpeed 00'..d have bean a2 iLgh as

78 ftipec, In SRy eveny, the rrremment i g, peshape {ortulicusly so.
I
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Section 2. Diiect Blast Inhoy.

The bulk of the availab.a data ou di.._.t blast injury tc 3n: and animale
is lsboratory data tekeq for the most part ¥ith mice and other amall animals.
he oxisting drta ‘or xin do not .ontribute wuch to Le rrec:snt ~derstanding
of the cechanien of direct biast intu.y; however, the followirg two particu-

larly izportant features are tc ba noticed. In an emalysis of 200 persons

(4)

subjected to the dl.st from a high explosive, Barrcw and Rhoads d1scovere?

that thoss persons vho survived for ¢) mim.ies recovered and that in alroat

svery case injured persons tulrfered from extreme fatigue nnd were listli.o and
apathetic for an extended period after the €: Tuaion, TFor lhe 204t pert,
theee ad other incapscitating eycptoas disappearwl at ie end of 24 hours,
Althougt not all expoeed perscns suffared serious to Zatal injuriee, iniury
to the sardrux was an almos: universal effsct, Demfness from such injury caz,
of course, persist ror dsys to weeks but is not incapacitating for specific
Joda in which hearing is not esssntial.

4o imal data taken under contrviled conditions are scaswha more ili.ain-
atine ne far as the vhrsical effecie ol blast are oncerned. Por mice, rals,
radbits an’ doge, the folloving effecte ¢f biadi have Deen dheetved ir almost
sTary cabet

1. lavg heworrhegs
<. lung sloma
3. Seiere resuirntory eifacta
4. Mr embolime (i) .ome cases’

E. Dmmage o ceri.al revvoum systea




ik i AR % P, A W Wa 7, IR W B SRR I WAL s i e

o, Superfiocial shock

7. Increase in luvngz edema with oxygen tireatment

3. "Rib maricingy”

9. A macroscoplcelly vmaffec‘si heart

10. Dilitatiom in the = _.% ventricle

11, Abdominal lesions, ruptur< and hemsi—.-x> which appear to depsnd on

the gas content of the parti wular orgun.

12. 4 fairly large depend- -~ce of affect on the duratica of the dlast

overpressures,

1%, Ro significant effect o the chemistry of the peri;Leral circulatcry

system,

14, "he failure of the severely injured animal to attempt inhalaiion which

results in cyanosis of varying duration.

The following o:p;rlmnt(s) is thought to de the most indicative of the
Fredoainzat effoct in blast injury, In this experiment, xice are constrained
to & vertically fixed flul 31215 sud emposcd to the blast from 3 fixed weignt
of ogh explosive at varyirg distur~us. In each case, the hemoglobin content
of the lung, the lung weight and mortality versus distance are given. iii
mics vith lung weighte in exoess of %375 mg. died and all those vith lung
woights less than 280 mg lived. Iz the vegion of lwog wedght frva 280 to
375 ug, approximately 359% died. With reepect to the hemoglobin content of
the lungs, all those mice vhons hemoglobin contat was in exoess of =8 ng.
8ded while =11 those with less than 28 mg, lived. It should be ncted Hnt
slthough the distanoe arl dlast overpressure were the seme in xrxy cases,
death ocowrred only as desoribed above. In the next experiment, the rdoe
were oxposed to blast in a shock tube where wir?... [a‘tions of the animsls
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vere shlelded. Heres the lung weight arter blest depands quite hawvily on t&n

region protecisd. VWhen the head im shielded, the lung waigit is greatly re-

duced from chat for the unslielded auimala. A thoracic shiell appeers

sligkily to increase thy lung weight over that foor the unshi~idsa snimels,

The report(b) gives the re. *lonmniy between lung weight, mortality and shielding

for a large mmber of cases, Here the anime’« with head snjeldisg survived*

for the most part while all the wnp.otected animals aud thw onwe with thoraclic

shi s zl1l died. The shieldc were rizid and did no% contact the arimalss .

so that the protection affurded was from the direct impact of the blast,

It appears that the above sxperiment combined with v lack of cther

geraral tendencios indicates that the primary effect of blast is damage to

the central rervous system. Urfortunately, the animals wers cunsirained in

thsee experiments so that the concluaion may be restricted to this circumstance.
4)

{
It is mentioned in tre report ™/ that swollen lunge aswe not often observ=d in

unconstrained blasted nice, even in the lethnl casgs. However, no data

are giren to support the conclusion.

It has been muggeste’ by seve. .l sbsarvers that ling eadema is produced

by injury to the hypothalemus, Wo data are given to support this conclusion.
\6)

4 aimiler seriss of experiments were cerried cut by the same suthere,

where the mice were not rigidly constroined, They compared th» lung damage

{hemorrhage) in radiated (6C. r, 250 v, x-ray) and unirradiated mice. They

discovered that the amount of Jung darmge was the sswme for Loth the irradictsd

#ad unirradiated mice; bul thal the loadiated mive wers xillad woxy easily

. "
A ¢ 2
——

than tho inirvadiated .ice,

475 dead out of 22
#4 C.8, wnite claiwy that this is not true.
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In the case of animale which are erposed to blasi aad die quickly, death

in gencra) de pot due to Jumg edema, but rather to extensive homerrhnge and

rupture. It is suspected that 1f they cov’d be made to survive these ettects,

In ary evert, it ucpears that inijury

they would averiually die of lumy =deua.

4o the central nevvous sysie. plays a 12le in blast inju.y %o anima’s,

) .
According %o the raport(7' s - poak over:: ~wee of 35 pel 18 required to

This number is consisient

produce sericus injury tc persoms euposed to blast,

vith an estimate by C.S. 'ﬂ'hiteu) based on the data prerentecd velow.,

Table 2.1

Nvarpressure in PSI for Tnaicaied

Hortality
Animal 1% 50% 9%
Species Incident Reflected Incident Reflected Incident Reflected

House 20 11 30 19 44
Rabbit 9 25 12 33 15 44
Guinea Pig .0 28 13 37 17 <8
Rat 10 25 4 39 18 53
Man+ 0 35 40 50 0] oo

+ BPaiimate based on animal dats.

It should b: noted I} .t in th above data the animal was subiected ts bath

the inident and the reflected wave. Since the reflected overpressure erceels

ths incident ¢ mrpreseure It is :leaxr that thi. peak overpressura in the abeve
cases is the reflectsd cverprescure,
Dr-. Cassen, cf UCIA, also agrees that 35 p=i {8 sboul tae corre.t lethal

overpressure for uncenatrained animsls. Be has sonw dimagreement with Dr,

O v I o,

white on the effzci of huad zhieldlrg., This dlasgreement is not sigmifisant
83 far as cur interstia g, hovever,
¥e oonclude thal s peak ovevpiwssure of 35 pei 18 requived to proiule

serioud . fatsl M re~t biast injuries to &1, .7 r sommel and that all such

$ujuad - wreommel Will o incopacitated sor a pe Lod of about SR ours, Pother,




¢ll vermore’ whe syrvivs 3irsci LViast injuries for a period of ome hour will

SUrvive,
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APPEIDIX A

THE VARIATION OF u(t) AND p(t)
BEHIAD THE SBOUK PROAT

»
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THE VARTATION OF u{t) AND (%)
BEHIND THE SHOCK PRONT

These culowl~tion. ar- made under {iv foilowing assumpticass
1, Tho flow b~%ird-the shock front is adiabstic and iscctropic
2. 'The shock variadble - are & fuaction of distance behind the shock

et in a conrdinate system moving with the shock front.
Both of these acemptions are euﬁ':lciently accurate for our purposea., It is
clear, of course, that the ghock in‘ensity decreases sz the shock moves outwenls

and that (2) is pot mtriotly correct. This variation is slow, however, compared

to the rate of decraame of the shock parametferas of ints.ns:,

P . = stagnation pressure behind shock
P stagnation density behind shock
~ ¢, = Wtagnation sonic speed Lehind shock
v » tarticle gpeed behind shock
K = Mach number behind shock, with ¥ = ¥, initially
(just behind the shock).
Ir a coordinate syaten fixea -ith respect to th.g gound let
u(t) = particle speed behind shock
U, = shock rrovagation epeed
llo = Uo/c o shock propagatior Mach numter, where O A is
ambient sonic am&\ﬁ )' '

Yy
In either ~nordinnte system p = p'\-'-,-:.:'_,(q\)‘.- p(t) is the pressure dehind
SRR

1

shock wbere x' o dlstance from *he shock Front (negative measured from the shock
frout) in the coordinate system fixed with rvupeot o the fror. and ¢ s the
tine after passage of the sacck front. samuﬂy /.:o-lo(-sl/vo) -/o(t) an the
deneity Makind shock and

A-1

B W M Mmoo r



1 ; 1
v(=xt) = v, - u{1) = T, - u(=-x /'Uo)
C(-xl) = aonic speed b.l.iw4 the shock,

¥ow, by definition of }{2

‘1’- ~..'a_;3’.':. [+ E! ""z>
c Lz ' 2
s
or
2
. 3 '1,'
(3} M= s

PO LTI
I 0F

Using the adiabatic lav and assuming isentropic behavior, one has

v/
. s I
{2; f‘-f(lf%i#!)
and
V.
[4 / ] 1\/"
\3) Ipsnla\/* _.;..M
Using (1 we find
. a
(c) ! Z!;H - .\{_;_..!___:_._; - _*F_l.__._.i.i
L R e

Kustion (4) gives us the basic relation Detween M in ihe moving system and
u(t) io the guund system.

Row, ‘he bDest experimmtal field da!. n ehoc. ;ropertied o= the data o1
overpressure verrus time. Ye ahal! coufine the discussion to :lean ehocks aud

use the aapirical overpressure~tinme airva, dstermiosd ty fieid meamr-veanta,

st 0000 o sttty

10 derive the variation Of/o snd © Deiind shock., Thua, ocde Lan empirioally

13 / Ve ey Lt
) P Ac{p-pie TU- )

whare p, g the staric pressure ‘ust behipd v . ol t+ 18 the poaitive pluss

dura® .
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*apee.

Using (2),

¥ \I¥

(s) ﬁ:v‘f’fo';‘;(;;i::;;,/i_l “ o
Substiteting for )+ ¥-2/2 0 fre (4) and equating ‘5) and i6) = sbtain for
u
) ft) e N / Z e i-[neleory-% )(Z%’Z
\ a(ﬁ,-#.*/;;;c‘[/‘\;:; ] 4-;.(.; I’-i ~ . }
whers i

PP

L ol A
T rf 2 '
is the stagnation preesure just behind shock ana

e Tyya
i [
is the maximua particle velocity in the ground system,

Sinilsrly from i3)

) ,,(e).,,,(gﬂr.‘r.)e'%*(n.'/:t}y?
' r /

vhsre /o is the maripma density behind shock. Twms, (7 and (8) give wa ‘he

astirod variation of u{t) a4 /o(t‘ 28 & functicn of the measures overpre sure
variation.

Pigires 4.1 and 4.2 show w"uo a=d /’/,t‘, piotted ve. t/t’. Mo comparison
purposes, the fpotion (1 - t,ft*) € "/‘# 15 showvn plotted ¢n Peure 4.1, Tt
13 cleer that, to a gnod approrimation, u;"uo declines as {1 - t/t+) AN
For catvenismoe of ‘he :eader, the cosputsticosl valvns of ,o,;-,, u,’\.xU and
- ;’.*}é-dt are gaven {n Tedbly Al for a whnck of 1D pal ovaspresnua.

Ons notee ke slightiy _ocuser pusitie duraticn of the wins rryi u cempared

to the durntion of the ove.pressure,
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(re should also note that if /o is the ambient deneity, chern

f_.l = {_r")ﬂ:
o (y)mre

whaors
X - /C = Mpes number of shack froni,
(V v
Tabie 4,1
Yalues nf U/uo And {0/,9, Comput»d on the Assuaption
That The (verprvasure Follows the Lew
- - -“-;,lt ¢ » )
Pyy = Py {1 ' t/t )€ "+ {10 psi shock)
v =t/t / i
t/t (1-t/t )€™ wa pl- e,
] 1.000 1,200 1,530 1.446
.2 555 +561 .88 1.30
.4 402 415 820 1.19
.6 220 » 244 . 763 e 10
N .090 ,113 .70 1.04
~.0 .L00 .022 591 1,00
1,2 - 060 - .04 LETQ .97
10‘ - :C’J‘S - .G’.'Z v65|7 '95

Acther, one should rote that if a- aversge value of ,O/,oo is used i1
.~ calculation, very little error wiil be madi, Taus in the exanple abore,
one would set ,o/,oo = 122 and uee S Inatead of X Thus, in our trans-
lation ca'cilations we have usad /'." to aimplify tne procedure. ‘the errcr in

so doing is not significunt.
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IV, COMBINuD INJURIES

It this Chupter we consider the combined affect on persornel of »uclear
~adisticn, thermal radiati:m and tlast fror the detonatiorn of » nuclear weapon,
3ince this report 1a concerned ba. lcally with casunliles= fro» an ~prrational

paint of view rather than Tr.a a medical polint ¢ view, cur diecuession will

bs apropriatal;:” limitsd. Spec'fizally we shall consider only those aituations
for which n~ singla type injury is lethsi or seriously incaparitaiing, but
where a oomtization of two or more may be s8n. We shall show that no clars of
combined injury is importont except thermal-nuclear injury. It should be zsted
that considerations here are limited to typical & tuatiorws. No doubt certat=m
birarre environmertal conditione may arise for which othar classes ¢f combined
injury may be important. However, it is felt that the cccurrence of such
cdtustions will be relatively unusual so that they may raasonebly be neglected
bere,

We shall first show that combined injuries which invelve blast injury may
be pneglected., Now, blast injury is devided into two categories: direct bdblast
injury and indirect vlast injury, For the case of direct blast injury, ‘het
is, injury which results fiom a sharp increase of the static pressure, we find
from Chapter TII that all persomnel who receive cerious injury are incapaci-
tatad for adout 24 hours., less serious injuries, =ich as ear drmm rupture, do
not appear to cause incapacitation. Murtter, all deatks whi~h occur will pro-
bably coctr within ons hour and all injurcd survivors will recover to r.rmal
within the 24 hour period of incapacitation. Thers i, no douht, a range of
direot blast injury 7or which the sbove general statements do .o orplys
howaver, nll the data indicatas that the greate™ majority of cases vill fa3)

123



ot

outaide this range. Thus, coubined injuries which invoive direct dlast inlwry
fall in two catagorice, those injuries for which the injury zicne is eltner
Jethal or gerivusly incapaciiating and thoso for which the injury 1is relstively
rinor, Accordingly, comdined injries which izvolve direct blest injury are
not importunt from an opera:. jual peint of view, In addition, porsomrol who
are exposed buth to the thermal fie'd and ¢7 ke direct dlzet fieid receive

sither an cverwielming thermal dose “r an overwhelming U-ray dose ut blast

‘laveis which could cause direct injury (35 psi). We draw a similar con>iusion

for indirect blest injury, that is, injury which results fram flying debrie

and from peraommel being thrown to the ground or ageinat :-igld objects. As
indicated in Chapter II, flyirg :sbris resulting from the wind behind the shock
front is not an important .casualty producing agent. Thus, we need to considor
orily those injuries which result from personnel being thrown aguinst the ground,
etc. The only injurics drought about in this manner which are not concidered

to be minor are bone fracture and concussion. Injuries of this typs are at

best seriously inceapacitating, verticularly whern more or lvss immediate madical
attention is not availebic. It, tuerefore, follows that combined injury inveinug
indirect blast injury need not be considered,

Combined thsrmal radiation injury _and nucleoar radiation injury in accordance
with the preceding paragraph is the only ~lass of sombined injucy we Imve left
to coneider, Vhether or not this class of combined injury will ansume a sig-
nificant role will depend greatly on the particular =zituation, That im; the
effect of shielding, clothing and eveaive tactics on the extent of ttewmal ine

Jury is quite promourced. In the cuse of comnletoly exposed peruonne. in
sw@er clothing wio capioy no evasive tactics, ~ombined thermsl-nuclear Injury
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will net play a eignificant rols for weapon siwes in excegs of alou’ 17 Tl ‘Mis
ic nlear from Table |, siuce immediate incapacitatzon occwis fir unprotacted
pRIScEnsl wno ave exnosed to 20 c-al/cm"" or more thermal mnargy aad sinve 240 raas
is regarded as the miniwum . "nunt ¢. nuclear radiation required tc produce eny
nuclecr radiation injury. Purther, it is clesr that shielding, heavy clothing
and evasive tactics will tend to make thevmal-mucléar injury impertent at higher
wespcn yields, The effect of chielding, heavy clothing and evasive tactics

das3 not proporly fell withiu the confines of this contract and will be con-

sldered in detail under another contract.

Tuble 1
Weapon Yield Nuclear Radiation Dose

Kilotens AM's

2 > 1000

L3 > 1000

10 443

0] < 240

100 £ 240
100C < 240
10000 < 240

in Chapter II of this .eycrt, lue effect on peraoimel of the thermal j>adia-
Hou {i:m muclaer explosions is discuseed in dotail. It is conciuded that 3°
whole~body birme i1l b3 relatively rare and that such burns will be immediately
incapacitating in disaster situntions slinc> prompt aedical attenvion will be
unavailsole. In the case of 2° whole-body burns it is chowr that if the face,
legs or the buck of the hands are extensivaly involved, them total inczracita-
tion will occur within about 3 hours. Further, sariniie incapacitation will
ccour anre or less imeeyisioly. Accerdingly, combined thermal-auclear injury
ia dmportant cnly for those cituations whore the thermel injux; dves vnot in-
volve tim ..citical aress meniioned. rarly -:anamc" .2t on from 2° whole=body
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burns is due {5 hypovolemic shock and will ocour 2ccording to Teble 2 below,

M™tio &

Time tc Hyp. solemjc Shock versus
Percent Bo. -~ Area umed for Median 20 Burms

... . Body. Aroa ™wme to Shock
Percent Houxs
10 (53)%
15 25.8
20 17.2
25 13.1
20 19.7
40 7.6
50 6,2

# Shock does nof occur.

Now, the dn:a on combined thermul and miclear injury is meant, FPigyres 1,
2, 3 and 4, ho-ever, show Lhe peneral features of the prohlez, The daia are
teken 5a rats with en LD-S0 of about 700 r. One notes that there is little
increase in deaths versus dosage until the 500 r level is reached, If the human
ED50 i8 taken at 550 r, therefore, the human level corresponding to 500 r in
ths rat would be about 400 r. Thus, the serious affects of combined theymzl-
akclear injury appsar only st relativaly high muclear dosape.

Acids from the effect of the combined injury on esrly fatalities, which is
shown clearly in tha Trures, very litile cun be sali quantitatively about
oases of non-lethal combined thermale-nuclszir injury. This sxch oan, however,
be oaid.

1, Referring to Table 2, tho 15% to 20% vhole-budy burmn combined with 470 r
of radintion would unicubtedly bo futal {o the humen in 48 Mucs unless intre-
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vaneou~ fluid tharapy wsro avwilahlet ané this ia not 1likely %z be availabls
under diarater con’itiony, 400 r ia enough to ceavae nausen ani to prevent orsl
flwid therapy.

2. A radiation dose w."l incr.ase the suacentabllity o infcotion for
smaller aran burns,

3. BRevses with consequeni oral fluild less wall decroase tne time to shock,

In swmary, the data on combined thermal-nuclear aiujury are sparsc. [low-
evar, befcre the day of the use of intravenovs f£1i7d therapy i bresiment of
humn burn casee about 1/2 »f the burn cae2s survived a %% recond degrec arca
burv., One notes that this im also true o7 the rats. The Luoans who went irio
shock, however, undoubtedly had apecific treatmen! for cnock syrpteas. Ir any

eveilt, ihe rat lata are presumed to a2pnly mAppreximately to humanas,
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